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INTRODUCTION 


As  a  consequence  of  the  need  for  blue-green  laser  dyes  for  communi¬ 
cations  through  the  water  (References  1-3),  we  began  a  dye  synthesis 
program  within  the  Chemistry  Division  of  the  Naval  Weapons  Center  (NWC) 
in  the  early  1970s.  In  the  mid-1970s,  a  test  facility  was  constructed 
to  evaluate  long-pulse  dyes  lasing  within  the  390-400  nm  region 
(References  4-6).  The  construction  of  this  test  facility  and  the  laser- 
dye  synthesis  program  was  funded  by  the  Atomic  Energy  Commission  through 
Interagency  Agreement  SANL  284-001  with  Lawrence  Livermore  National 
Laboratory,  Livermore,  Calif.  The  funding  for  the  evaluation  of  the 
fluorescence  and  lasing  characteristics  of  the  new  dyes  and  additional 
support  for  the  dye  synthesis  program  has  come  from  NWC' 8  Independent 
Research  program,  the  Naval  Ocean  Systems  Center  (NOSC),  the  National 
Aeronautics  and  Space  Administration  (NASA),  and  the  Electronic 
Materials  Block  of  the  Naval  Research  Laboratory  (NRL),  Washington, 

D.C . 


The  Laser  Dye  Test  Facility  has  been  improved  continuously  and 
has  been  expanded  since  its  construction.  A  special  Nd-YAG  laser  was 
installed  to  test  the  effects  of  dyes  in  coolant  upon  the  output  of  the 
solid-state  laser.  This  work  was  funded  by  the  Naval  Air  Systems  Com¬ 
mand  (NAVAIR)  (Reference  7).  A  Perkin  Elmer  MPF  44B  Fluorescence  Spec¬ 
trophotometer  was  purchased  in  order  to  be  able  to  determine  wavelength 
corrected  fluorescence  peaks  and  fluorescence  quantum  yields  of  dyes 
under  various  conditions  (Reference  8  and  9).  At  present,  NWC  is  the 
only  laboratory  within  the  Department  of  Defense  (DoD)  that  has  the 
capability  to  synthesize  new  dyes,  determine  their  structure,  study 
their  fluorescence,  and  then  to  evaluate  their  flash lamp-pumped  laser 
characteristics  using  a  calibrated  degradation  flashlamp  (or  to  study 
them  by  N2  or  excimer  pumped  lasers).  The  results  of  the  work  published 
in  1983  (References  7,  and  9-13)  are  presented  in  Appendices  A-F. 


1983  PUBLICATIONS 


THEORETICAL 

The  flash  lamp-pumped  dye  laser  output  can  be  expressed  by  the 
relationship 

$  ■  k  (_I  -  t)  (Joules)  (1) 


v  k. 
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where  $  is  the  laser  output,  k.  is  the  slope  efficiency,  _I  is  the  elec¬ 
trical  energy  stored  in  the  capacitor  before  delivery  to  the  flashlamp, 
and  t_  is  the  threshold  of  lasing.  A  fundamental  question  arises  as  to 
how  the  deterioration  of  the  dye  affects  the  two  dependent  variables  in 
Equation  1.  In  order  to  answer  these  two  questions,  Knipe  first  evalu¬ 
ated  the  processes  that  occur  within  the  cavity  of  a  flashlamp  pumped 
dye  laser  (Appendix  A)  (Reference  11).  These  results  were  used  to 
develop  the  3-parameter  dye  degradation  equations  we  reported  in  1982 
(Reference  14),  and  were  further  expanded  in  the  study  by  Knipe  and 
Fletcher  presented  in  Appendix  B  (Reference  12). 

Although  a  large  variety  of  dyes  have  been  fit  to  the  dye  laser 
degradation  equations  (References  13  and  15),  there  are  some  excep¬ 
tions.  Most  of  the  rhodamine  dyes  were  shown  to  have  an  overnight 
recovery  when  flashlamp  pumped  without  an  ultraviolet  (UV)  filter  to 
protect  them  from  the  excitation  lamp  (Reference  12  and  16).  The 
3-parameter  degradation  equations  would  not  be  appropriate  when  the  rate 
of  pumping  affects  the  laser  output,  i.e.,  as  would  be  evidenced  by  an 
overnight  recovery  where  the  solution  is  not  being  pumped.  It  was  for 
this  reason  that  no  major  study  of  rhodamine  dyes  was  published  in  the 
open  literature  even  though  lifetime  measurements  had  been  performed  in 
this  laboratory  (Reference  16).  Appendix  B  shows  some  possible  kinetic 
schemes  that  can  account  for  time  dependent  changes  in  laser  output. 

One  outstanding  example  is  coumarin  480  under  argon  in  a  mixture  of 
ethylene  glycol  and  water  (50:50  by  volume).  This  system  shows  what  was 
called  a  "yoyo"  effect  where  the  laser  output  increased  as  the  rate  of 
energy  was  increased  (and  decreases  as  the  rate  is  decreased). 

FLUORESCENCE  STUDIES 

Kubin  and  Fletcher  studied  the  fluorescence  quantum  yields  of  rhod¬ 
amine  dyes  in  1982  (Reference  8).  In  1983  we  demonstrated  that  the 
fluorescence  of  a  variety  of  coumarin  dyes  was  measurably  quenched  by 
oxygen  when  the  dyes  were  in  ethanol  (Appendix  C)  (Reference  9)  but  not 
when  they  were  in  a  mixture  of  50:50  by  volume  of  ethanol : water  (Appen¬ 
dix  D) .  These  fluorescence  studies  were  of  considerable  importance  as 
they  gave  a  perspective  as  to  ways  that  increased  outputs  were  being 
found  (or  not  being  found)  in  the  f lashlamp-pumped  dye  laser  when  air 
was  replaced  by  an  inert  gas  using  specific  solvents  (Appendices  D 
and  E)  . 


IMPROVEMENTS  IN  DYE  LASER  LIFETIMES 

Although  it  has  been  speculated  for  sometime  that  laser  dyes  should 
degrade  less  if  the  far  UV  energy  were  excluded  from  their  pump  sources 
(Reference  17),  the  exact  cost  and  gains  of  such  an  action  had  not  been 
quantified.  In  Appendix  E  (Reference  10),  we  report  such  a  study.  Very 
marked  lifetime  improvements  were  measured  but  the  laser  output  is 
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reduced  since  the  pump  output  is  reduced  by  the  filter.  However,  the 
reduction  in  laser  output  (<=>2  fold)  was  outweighed  by  the  gain  in  life¬ 
time  (*2-1,600  fold).  In  addition,  we  showed  that  the  removal  of  air 
could  result  in  either  small  decreases  in  lifetime  constants  or  as  much 
as  an  8-fold  increase. 


FLASHLAMP  DEGRADATION 

Appendix  E  also  presents  data  showing  how  the  intensities  of 
several  flashlamps  were  found  to  decrease  with  time  and  that  this 
decrease  was  a  function  of  wavelength.  We  also  noted  that  the  output 
varied  with  the  position  along  the  length  of  a  flashlamp.  Very  little 
data  (if  any)  are  available  in  the  literature  showing  these  effects. 

Such  a  measurement  was  necessary  in  order  to  be  able  to  estimate  the 
changes  in  the  amount  of  light  that  was  being  used  to  degrade  laser  dyes 
in  order  to  in  turn  be  able  to  separate  the  effects  of  flashlamp 
degradation  from  those  due  to  the  degradation  of  the  laser  dye. 


LUMINESCENT  COOLANTS 

Although  other  studies  had  been  performed  on  increasing  the  output 
of  solid-state  lasers  through  the  use  of  dye  in  the  coolant  as  an  energy 
converter,  the  previous  studies  used  a  limited  number  of  dyes  and  did 
not  have  some  of  our  modern  laser  dyes  available.  They  also  did  not 
have  the  knowledge  of  the  quenching  of  coumarin  fluorescence  by  air 
(Appendix  C). 

The  study  in  Appendix  F  (Reference  7)  was  performed  with  the  intent 
of  using  improved  dyes  having  increased  absorption.  These  dyes  have 
been  called  bif luorophoric  (Reference  18),  but,  more  correctly,  they 
should  be  called  bichromophoric  fluorescent  dyes.  In  any  case,  these 
types  of  dyes  having  absorption  over  a  wider  range  of  wavelengths  were 
found  to  be  very  difficult  to  synthesize  and  gave  little  improvement  in 
the  solid-state  laser  output. 

It  appears  that  dyes  having  a  narrow  emission  band  coupled  with 
both  a  high  quantum  yield  of  fluorescence  and  good  absorptivity  would 
give  moderate  improvement  in  solid  state  laser  output  when  used  as 
energy  converters  in  the  coolant. 


SOLVENT  EFFECTS 

A  valuable  goal  for  dye  laser  studies  is  to  find  a  usable  solvent 
that  is  less  flammable  than  the  ethanol  or  methanol  which  are  commonly 
used  for  the  coumarin  and  rhodamine  laser  dyes.  The  work  described  in 
Appendix  D  (Reference  13)  shows  that  the  less  flammable  50:50  by  volume 
mixture  of  ethanol : water  is  a  usable  solvent  and  that  it  can  also  give 
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Longer  lifetimes  and  higher  Lasing  outputs  depending  upon  the  dye  and 
the  cover  gas.  The  50:50  mixture  of  ethanol :water  has  not  been  opti¬ 
mized  nor  has  the  oxygen  percentage.  Thus,  further  improvements  should 
be  possible  through  variation  of  these  ratios.  Present  data  suggests 
that  ethanol  yields  longer  lifetimes  than  does  methanol,  but  in  a  few 
cases,  methanol  yields  higher  lasing  outputs.  These  factors  should  be 
given  further  investigation  since  many  dve  laser  users  have  difficulty 
obtaining  pure  ethanol  because  of  the  problems  associated  with  its 
potential  use  as  a  beverage.  In  addition,  very  little  is  known  concern¬ 
ing  the  effects  of  other  solvents  upon  dye  laser  lifetime  constants. 

NEW  DYES 

Three  of  the  enclosed  studies  (Appendices  E-G)  describe  the  charac¬ 
teristics  of  new  dyes.  The  importance  of  these  depends  in  a  large  part 
on  the  wavelengths  and  nature  of  the  intended  usage.  As  the  number  of 
new  laser  dyes  increase,  increased  perspective  is  obtained  as  to  what 
functional  groups  yield  superior  laser  dyes. 

The  study  on  the  new  oxazole  dye,  4PyMP0-MePTS  (Reference  19), 
reported  in  Appendix  G  illustrates  the  need  for  a  thorough  examination 
of  the  experimental  parameters  associated  with  the  lasing  of  a  dye  solu¬ 
tion.  4PyMP0-MePTS  had  been  tested  for  lasing  by  Lee  and  Robb  (Refer¬ 
ence  20).  They  did  not  test  it  in  the  absence  of  air,  however,  which  in 
turn  delayed  the  discovery  that  4PyMP0-MePTS  in  ethanol  under  argon  is 
the  longest-lived,  flash lamp-pumped  dye  presently  known.  This  discovery 
is  of  such  importance  that  Appendix  G  was  included  in  this  report  even 
though  this  paper  was  published  in  1984.  The  long  lifetime  and  improved 
laser  output  of  4PyMP0-MePTS  and  its  related  dyes,  4PyP0-MePTS  and 
4PyP0-HCl01+ ,  caused  by  the  removal  of  air,  now  makes  this  class  of  dyes 
a  very  serious  contender  for  use  in  a  practical  military  laser  that 
would  be  of  use  outside  the  laboratory. 


CONCLUSIONS 


Because  of  the  complexity  of  the  photophysical  and  photochemical 
processes  associated  with  the  flash lamp-pumped  dye  lasers  combined  with 
the  problems  in  the  synthesis  of  multi-functional  group  dyes,  progress 
in  the  development  of  new,  improved,  long-lasting  laser  dyes  is  slow. 
Advances  are  difficult  to  predict.  Months  of  intensive  effort  My  be 
taken  to  synthesize  a  particular  dye  only  to  find  that  it  does  not  lase 
at  all.  Progress  is  also  slow  because  of  the  variety  of  technical 
specialties  that  are  needed  for  the  synthesis,  characterization,  and 
evaluation  of  new  laser  dyes.  Good  synthetic  chemistry  is  of  little  use 
without  the  instrumentation  needed  for  dye  characterization  and  this 
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■ust  be  close-coupled  with  a  thorough  dye  laser  testing  capability.  Add 
to  this  the  low  funding  level  used  to  advance  the  technology  and  it  is 
small  wonder  that  major  advances  have  been  made  at  all. 

Advances  in  dye  laser  technology,  though  slow  in  coming,  are 
rapidly  made  use  of  by  industry  and  universities.  Most  improvements  do 
not  require  major  changes  in  equipment  or  procedures.  It  has  been  esti¬ 
mated  that  there  are  10,000  dye  lasers  in  use  (Reference  21);  thus, 
published  advances  in  this  field  no  doubt  also  help  to  advance  science 
and  may  some  day  result  in  useful  lasers  that  can  be  used  in  a  military 
operation.  The  dye  laser  still  remains  the  simplest  laser  that  can  be 
tuned  from  0.33  to  greater  than  L .8  pm  (Reference  22)  without  the  use  of 
nonlinear  optical  materials. 
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Photon  conservation  in  flashlamp  pumped  dye  lasers 

A  general  representation  of  the  laser  output  per  pulse  of  the  flashlantp  is  deduced  front  an  equivalence 
between  molecules  populating  the  upper  state  of  the  lasing  transition  and  coherent  photons  populating 
the  active  cavity  modes.  This  representation  is  used  to  derive  approximate  expressions  relating  the  slope 
efficiency  and  threshold  to  the  losses  associated  with  the  laser  system. 

The  dominant  energy  transfer  processes  associated  with  a  laser  dye  are  illustrated  in  Fig.  1 .  A  photon 
is  absorbed  by  a  dye  molecule  belonging  to  the  population  of  the  ground  state,  S0,  exciting  it  to  the 
manifold  of  excited  states,  S*.  From  5'*,  the  excited  molecule  is  spontaneously  deactivated  to  that  part 
of  the  excited  state  manifold,  Si,  associated  with  the  lasing  tiansition  S,  —  So.  Let  y,  be  the  probability 
that  the  deactivation  to  S!  occurs.  From  S( .  the  molecule  is  deactivated  by  the  coherent  radiation  field 
to  that  part  of  the  ground  state  manifold, So.  associated  with  the  lasing  transition,  or  it  is  deactivated  to 
S0  or  otherwise  removed  from  the  system  by  spontaneous  processes.  The  induced  deactivation  by  the 
coherent  radiation  field  of  the  laser  adds  a  photon  to  that  field.  Stepanov  and  Rubinov  |1  [  identified 
S0*  with  a  segment  of  the  high-energy  tail  of  the  thermal  distribution  of  S0.  As  a  consequence  of  the 
rapidity  of  the  thermalizing  processes  in  the  dye  solution,  it  is  usually  assumed  that  no.  'he  population 
density  of  Sq  ,  is  approximately  the  thermal  population  density  associated  with  that  segment  of  the  high- 
energy  tail.  These  processes  are  discussed  in  detail  in  many  articles  and  reviews  [2], 

There  is  one  characteristic  of  large  organic  molecules  (usually  employed  as  laser  dyes)  that  has  not 
been  widely  considered  in  the  theoretical  analysis  of  the  performance  of  dye  lasers.  Over  the  range  of 
wavelengths  of  pump  radiation  normally  employed,  the  probability  that  a  molecule  from  50  which 
absorbs  a  pump  photon  arrives  at  5,,  yt,  is  essentially  independent  of  the  wavelength  associated  with 
that  photon.  To  a  large  extent  this  is  a  consequence  of  the  rapidity  of  the  thermalizing  processes  in  the 
dye  solution.  One  of  the  criteria  used  in  the  selection  of  laser  dyes  is  that  they  have  a  fluorescence 
quantum  yield,  y{,  close  to  1 .  Since  yt  <  y,  <  1 ,  y,  is  close  to  1  for  a  good  laser  dye. 

It  is  useful  to  consider  each  molecule  that  arrives  at  S|  as  a  potential  photon  that  is  either  added  to 
the  coherent  radiation  field  by  the  induced  transition,  S\  —  Sp,  or  is  quenched  by  spontaneous  processes. 
Where  n  i  is  the  population  density  of  St  at  some  point  in  the  dye  solution,  to  a  close  approximation  the 
rate  of  quenching  is  «i/rf  where  t(  is  the  fiuoresence  lifetime  of  S, .  The  rapidity  of  the  thermalizing 
processes  makes  this  a  good  approximation. 

Consider  a  pulse  of  pump  radiation  which  supplies  absorbable  photons  to  the  cavity  dye  solution  with 
a  rate  qv(t)  where  qp(0)  =  0  and  qp(/’)  =  0,  0  <  t  <  t*.  The  rate  at  which  potential  photons  are 
delivered  to  5i  in  that  volume  is  y,  fpqp  where  /p  <  1  is  the  fraction  of  absorbable  pump  photons  that 
are  actually  absorbed  by  the  cavity  dye  solution.  Typically,  the  concentration  of  the  laser  dye  is  such 
that  /p  is  close  to  1 .  The  rate  at  which  potential  photons  are  quenched  can  be  written  as  FTd^t/^i  where 
V  is  the  resonator  mode  volume,/^  <  1  is  the  fraction  of  that  volume  occupied  by  the  dye  solution,  and 
n i  is  the  volumetric  average  of  the  population  density  of  Sx. 

If  the  pump  source  is  capable  of  initiating  lasing  in  the  cavity,  at  a  time  /,  >0a  critical  distribution 
of  potential  photons  will  be  achieved  in  the  cavity  and  lasing  will  begin.  Since  the  distribution  of  poten¬ 
tial  photons  is  not  homogeneous,  the  onset  of  lasing  may  be  associated  with  some  redistribution  of  the 
potential  photons.  It  is  anticipated  that  this  redistribution  will  continue  during  the  lasing  process  as  a 
consequence  of  the  pump  inhomogeneities.  If  the  onset  of  lasing  occurs  in  a  time  interval  dr  <Tt  <tU 
the  macroscopic  boundary  condition  for  the  onset  of  lasing  is  7i/pqp(f|)  —  F7d«i  /ff  where  n,c  is  that 
value  of  ft,  corresponding  to  the  initiating  critical  distribution  of  potential  photons;  that  is,  lasing  occurs 
when  the  rate  at  which  potential  photons  arc  created  exceeds  that  necessary  to  maintain  some  critical 
value  of  their  average  density.  The  growth  of  the  coherent  laser  field  and  the  losses  associated  with  that 
field  will  tend  to  inhibit  further  increase  in  the  average  density  of  the  potential  photons. 
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Figure  1  Schematic  representation  of  dominant  energy 
transfer  processes  in  a  dye  laser 


Lasing  will  continue  until  a  time,  i2.  when  the  rate  at  which  potential  photons  are  created  falls  below 
that  required  to  maintain  that  critical  distribution  for  lasing  appropriate  to  that  time.  Any  residual 
coherent  field  will  decay  with  a  lifetime  t*.  the  cavity  lifetime  at  r2.  If  t*  <  r2  -  tx ,  the  macroscopic 
boundary  condition  appropriate  for  the  end  of  lasing  is  7i/pf/p(tj  1  ~  f'/d'fi  j/ff  where  n,«  is  the  value 
of  ill  corresponding  to  the  final  critical  distribution  of  potential  photons.  Thus  lasing  takes  place  over  a 
time  interval,  r,  where  0  <  r ,  <  /  <  /2  ^  f*-  The  net  number  of  potential  photons  transferred  to  the 
coherent  radiation  field  over  the  life  of  the  pump  pulse  is 

Qs  ~  !, '  [T.WO  ~  dr  -  Kfc(»i*  -  fi,c)  (1) 

If  Tf  <t2  1 1,  then  ft’  «,(r)dr  >  rf( « ! *  -  «,c).  Thus,  for  a  good  laser  where  a  significant  fraction  of 

the  potential  photons  are  transferred  to  the  coherent  field,  the  last  term  in  Liquation  1  is  insignificant. 
One  aspect  of  optimizing  the  dye  concentration  is  the  minimization  of  /,'••  zr ,  (z>  dr  subjected  to  the 
maintenance  of  a  large  value  of/p. 

If  </](/)  is  the  number  of  photons  associated  with  the  coherent  radiation  field  in  the  cavity  at  time  r, 
the  rate  at  which  these  photons  are  removed  from  that  field  by  processes  other  than  that  associated  with 
redistribution  of  the  potential  photons  in  the  dye  solution  can  be  represented  as  cfS/jjr/iir)  where 
r |  =  l/c/,  is  the  lifetime  associated  with  the  rth  process  and  c  is  the  velocity  of  light.  In  general,  each  of 
these  lifetimes  is  a  time  dependent  mean  value  appropriate  to  the  spatial  inhomogeneities  and  the  mode 
structure  of  the  cavity.  The  total  loss  of  coherent  photons  due  to  these  processes  during  one  pulse  of  the 
flashlamp  is  L  =  //'  f(£/i)</  d  t  =  One  part  of  this  loss  is  that  due  to  the  out-coupling  of  radiation 
from  the  cavity,  L0  =  St'  cl0q\At  =  St'  d//r0  where  70  is  the  output  coupling  lifetime  of  the  cavity. 

If  the  cavity  output  is  not  controlled  by  some  pulse  truncating  mechanism  (e.g.,  Q-switching),  t0  is 
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essentially  constant  over  the  lifetime  of  the  output  pulse  and  can  readily  be  estimated  from  the  optical 
parameters  of  the  cavity. 

It  is  convenient  to  define  mean  values  l{  =  f‘‘  llqldtlf‘l  qxd  t .  Then  the  fraction  of  the  net  number 
of  potential  photons  transferred  to  the  coherent  radiation  field  that  appear  as  output  is  1  /r0c£/i.  Since 
the  potential  photons  are  the  only  significant  source  of  coherent  photons,  the  total  number  of  photons 
coupled  out  of  the  laser  during  one  pulse  of  the  flashlamp  is  (2,/r0cI/j.  Let  0(i>)  be  the  frequency  distri¬ 
bution  function  for  the  output  photons.  The  energy  output  of  the  laser  is  F0  =  f  ht>d>(a)  dv.  The 
number  of  output  photons  is  /  0fv)dp.  Therefore,  the  energy  output  per  pulse  of  the  flashlamp  may  be 
represented  as  .tj 

h  \.  (7i/p</p~  Vfih\lT{)dt 


Xro^/i 


(2) 


where  X  is  the  appropriate  mean  value  of  the  output  wavelength  near  that  for  which  the  output  of  the 
laser  is  a  maximum. 

Assuming  the  pump  function,  qv,  to  be  proportional  to  /,  the  energy  stored  in  the  flashlamp  driver 
capacitor,  Equation  2  can  be  written  as  £0  -  hJF/\T0H s  where  F  =  //>  ( A  —  x)  dr, /l  =  7i/p</p//,  and 
*  =  VfdhjTfI. 

The  upper  lasing  state  Sx  is  populated  by  the  spontaneous  relaxation  processes  from  S *  and  by  the 
absorption  of  coherent  photons  in  the  transition  5,  «-  S„.  It  is  depopulated  by  spontaneous  process  and 
by  the  emission  of  coherent  photons  in  .?!  —  St.  It  is  characteristic  of  good  laser  systems  that  once  the 
critical  population  nl<;  has  been  achieved,  the  growth  of  the  coherent  photon  population  leads  to 
dominance  by  the  coherent  populating  and  depopulating  processes  in  a  time  which  is  short  compared  to 
the  spontaneous  relaxation  time  of  Si .  Thus,  the  value  of  ft,  is  maintained  at  a  quasi-steady  state  value 
near  n,c.  There  is  a  body  of  computational  evidence  which  supports  the  validity  of  the  steady  state 
approximation  for  model  laser  dye  systems  (3.  4).  On  this  basis ,v  ~  VfdhxjTtl. 

With  this  approximation,  the  boundary  conditions  characterizing  tx  and  r2  become  A(tx)  ~  A(ta)  ir  x. 
Hence,  f(,  f2  and  thus  F are  functions  of  x.  Expanding  F about  a  point  x0, 


I-  -  F0  +  F'o(x  ~xg)  +  .  ,  . 


(3) 


Substitution  of  this  expression  into  Equation  2  yields 

h{(Fg  XgFg)l  +■  VfdFgtil  JTf  + 


£<j 


XfoS/i 


(4) 


which  can  be  written  in  the  frequently  used  form  £0  *  k(l  -  /0).  Over  the  range  of  /  for  which  a  slope 
efficiency,  k,  and  a  threshold, /0,  can  be  defined,  these  quantities  may  be  approximately  evaluated  from 
Equation  4  as  _ 

k  ^  h{Fg  —  XoFg)/\ 7oX/j  (3) 

and 

lo  588  “  VfdK>>  \Jtt{F0  -  Xg Fg)  (6) 


Snavely  and  Peterson  [5|  have  characterized  the  threshold  condition  by  the  gain  over  some  round- 
trip  path  through  the  laser  cavity  being  equal  to  the  sum  of  the  losses  over  that  path.  As  a  consequence, 
«lc  and  thus  /0  are  linear  functions  of  the  mean  values  of  the  loss  terms  appropriate  to  the  threshold 
condition.  Therefore,  over  their  range  of  validity,  the  slope  efficiency  would  be  expected  to  decrease 
with  increases  in  the  mean  values  of  the  loss  terms  /(,  and  the  threshold  would  be  expected  to  increase 
with  increases  in  the  mean  values  of  these  quantities  appropriate  to  the  threshold  condition  at  t,. 

As  illustrated  by  the  above  example.  Equation  2  can  be  a  useful  starting  point  for  the  analysis  of  a 
flashlamp  pumped  dye  laser.  It  allows  selective  examination  of  individual  aspects  of  the  problem  while 
avoiding  much  of  the  complexity  of  the  more  rigorously  detailed  approaches  commonly  used. 

The  derived  dependence  of  the  slope  efficiency  and  threshold  on  the  loss  terms  is  consistent  with  the 
observations  of  Fletcher  [6]  for  a  number  of  dyes  where  the  increased  loss  was  due  to  the  photoiytic  pro- 
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duction  of  stable  products  in  the  dye  solution.  The  appearance  of  rf  in  the  denominator  of  Equation  b 
illustrates  the  deleterious  effect  of  molecules  which  quench  .V,  as  pointed  out  by  Keller  |3|.  Since  this  is 
the  only  explicit  dependence  on  Tf,  Equation  6  suggests  that  the  quenching  of  S!  predominantly  effects 
the  threshold. 

The  terms  F0,  E'0  and  x0  appearing  in  Equations  5  and  6  are  functions  of  the  shape  of  the  pump 
pulse.  Their  appearance  illustrates  the  importance  of  that  shape  on  the  values  of  these  quantities  and 
on  the  range  of  /  over  which  they  lead  to  a  useful  representation  of  the  laser  output.  In  particular,  that 
range  does  not  include  the  actual  threshold  value  of  /.  At  that  point,  both  Fand  its  first  derivative 
vanish.  The  value  of  the  function  in  the  neighborhood  of  the  actual  threshold  is  dominated  by  deriva¬ 
tives  of  order  greater  than  one. 
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Summary 

The  effect  of  absorption  at  the  lasing  wavelength  due  to  the  accumula¬ 
tion  of  reaction  products  from  the  photodegradation  of  a  laser  dye  is 
analyzed  theoretically.  This  analysis  is  used  as  a  basis  for  the  representation 
of  data  from  dye  degradation  experiments  in  terms  of  absorption  at  the 
lasing  wavelength.  Studies  of  the  effects  of  flashlamp  pulse  rate  and  time  on 
the  inferred  absorption  for  a  number  of  different  dyes  reveal  the  influence  of 
secondary  chemical  reactions.  The  most  significant  effects  are  shown  to  be 
associated  with  spontaneous  reactions  where  the  reactants  and  products  have 
markedly  different  molar  absorptivities  at  the  lasing  wavelength. 


1.  Introduction 

It  is  generally  recognized  that  the  degradation  in  performance  asso¬ 
ciated  with  repetitious  use  of  a  dye  laser  is  a  consequence  of  photoinduced 
chemical  reactions.  Where  the  question  has  been  addressed,  it  has  been  found 
that  the  predominant  cause  of  degradation  is  the  accumulation  of  products 
which  absorb  at  the  lasing  wavelength  [1  -  3).  It  would  not  be  unexpected 
for  the  complex  organic  molecules  used  as  laser  dyes  to  have  equally  com¬ 
plex  products  which  undergo  further  reaction.  This  aspect  of  the  degradation 
process  which  has  largely  been  ignored  is  the  focus  of  this  paper. 

Since  the  absorbing  products  are  in  direct  competition  with  the  popula¬ 
tion  inversion,  small  amounts  of  product  which  would  be  difficult  to  detect 
by  other  means  can  have  a  significant  effect  on  laser  performance.  To  inter¬ 
pret  this  effect  better,  it  is  desirable  to  know  the  relationship  between  laser 
output  and  absorption  at  the  lasing  wavelength.  A  generally  applicable 
approximation  to  this  relationship  results  from  the  following  analysis. 
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2.  Theory 

A  general  expression  for  the  output  of  a  flashlamp-pumped  dye  laser 
has  recently  boon  derived  |  1 1.  The  analysis  leading  to  this  expression  will  he 
briefly  summarized.  The  result  will  he  extended  to  identify  explicitly  the 
effects  on  the  slope  efficiency  and  threshold  of  reaction  products  which 
absorb  at  the  lasing  wavelength. 

The  output  of  a  flashlamp-pumped  dye  laser  is  approximately  propor¬ 
tional  to  the  difference  between  the  rate  of  production  of  molecules  in  the 
upper  lasing  state  and  their  rate  of  spontaneous  deactivation  integrated  over 
the  duration  of  the  laser  pulse.  If  the  active  radiant  flux  from  the  flashlamp 
is  assumed  to  he  proportional  to  the  energy  /  supplied  to  the  flashlamp.  the 
rate  of  production  of  excited  molecules  can  hi*  written  as  fl  where  f(t)  is  the 
rate  of  production  per  unit  input  energy  determined  by  the  shape  of  the 
flashlamp  pulse  as  a  function  of  time  t,  the  laser  geometry  and  the  dye  con¬ 
centration.  In  the  quasi-steady  state  approximation  the  rate  of  spontaneous 
deactivation  of  the  excited  state  under  lasing  conditions  is  proportional  to 
an  approximately  constant  critical  average  population  density  utvided  by  the 
fluorescence  lifetime  of  that  state.  The  critical  population  density  is  propor¬ 
tional,  through  parameters  dependent  on  the  laser  geometry,  to  that  popula 
tion  corresponding  to  the  critical  inversion  as  defined  by  Snavely  and 
Peterson  [  5 ) .  It  is  convenient  to  define  ,v  as  the  rate  of  spontaneous  deactiva¬ 
tion  divided  by  /;  thus  x  -  vn}c/I  where  nw  is  the  excited  state  population 
density  corresponding  to  critical  inversion  and  v  is  a  constant  determined  by 
the  laser  geometry  and  the  fluorescence  lifetime.  The  output  of  the  laser  per 
flashlamp  pulse  can  then  be  written  as 

ul  l 

0  =  —/(/■  -Jf)  df  (1 ) 

i, 

where  u  is  a  constant  inversely  proportional  to  the  product  of  the  mean  out¬ 
put  wavelength  and  the  cavity  output  lifetime,  the  interval  from  t,  to  t2  is 
the  time  interval  of  the  laser  pulse  and  is  the  sum  of  the  mean  values  of 
the  losses  to  which  coherent  photons  in  the  laser  cavity  are  subjected  during 
the  laser  pulse. 

The  integral 

i 

F{x)  =  J  if  —  x)  df 

in  eqn.  (1)  is  the  gross  production  of  coherent  photons  per  unit  flashlamp 
energy  per  flashlamp  pulse.  The  dependence  of  this  function  on  the  flash- 
lamp  excitation  energy  is  through  the  variable  x.  The  beginning  and  end  of 
the  laser  pulse  are  characterized  by  the  vanishing  of  the  integrand:  /"(/,)  = 
f(t2)  =  x.  The  derivative  F'  =  —  r(x  )  where  r  =  <2  —  ? ,  is  the  duration  of  the 
laser  pulse  corresponding  to  a  particular  value  of  x.  When  the  values  of  x  are 
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restricted  to  a  range  about  a  value  over  which  the  change  in  r  is  small 
compared  with  its  magnitude,  F  can  be  approximated  by 

F  =*  Fm  -Tm(x  -xm)  (2) 

When  this  result  is  substituted  into  eqn.  (1 )  the  output  is  given  by 


4>  * 


K(I-t) 

zl, 


(3) 


where 


^  U{F m 


^"m  UR  lc 
Fm  TmX m 


Since  the  emphasis  here  is  on  product  absorption  at  the  lasing  wave¬ 
length,  it  is  convenient  to  measure  the  losses  in  terms  of  the  loss  due  to  a 
uniformly  dispersed  absorber  of  unit  single-pass  absorbance.  When  the  laser- 
configuration -dependent  scaling  parameter  is  absorbed  into  the  constant  u, 

2/j  =  v40  +  Ap 

where  A0  is  the  equivalent  single-pass  absorbance  associated  with  the  laser  in 
the  absence  of  products  and  Av  is  the  sum  of  the  losses  due  to  the  absorp¬ 
tion  of  the  products.  Similarly,  when  the  scaling  factor  is  absorbed  into  v. 


«ic  ~  A  d+A0  +  Ap 

where  the  absorbance  Aa  of  the  dye  at  the  lasing  wavelength  measures  the 
population  of  the  lower  lasing  levels  under  the  assumption  that  these  levels 
can  be  approximated  by  the  high  energy  thermal  tail  of  the  ground  state 
population  distribution.  It  should  be  noted  that  the  product  uv  is  indepen¬ 
dent  of  the  choice  of  the  loss  scale.  The  loss  terms  and  A0  are  distin¬ 
guished  to  allow  for  effects  of  transient  processes  such  as  triplet  formation 
during  the  lasing  process  which,  because  of  their  inhomogeneity,  may  affect 
Z/,  and  n  ,c  in  somewhat  different  ways.  The  slope  efficiency  k  =  k/£/,  can 
now  be  expressed  as 


k  = 


feo 

1  +  AP/A0 


where  kQ  =  k/A0  and 


(4) 


kt  =  kb  +  q 


(5) 


where 

g  =  Tm^d^O’-^o) 

^  7"m  xm 

and  a  =  uurm  are  parameters  independent  of  the  presence  of  absorbing 
products.  Equation  (3)  can  be  rewritten  to  display  explicitly  the  effect  of 
the  absorbing  products  as 
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l+.-1pM„ 

Where  the  transient  effects  are  not  large,  4„  A„  is  primarily  a  func¬ 
tion  of  the  index  of  refraction  and  the  absorbance  of  the  solvent,  the  optical 
components  of  the  laser,  the  laser  geometry  and  the  lasing  wavelength  and  is 
independent  of  the  particular  dye  used.  This  implies  that  the  sensitivity  of 
the  laser  output  to  product  absorbance  is  insensitive  to  which  dye  is  used. 
The  observation  of  this  insensitivity  was  reported  by  Fletcher  and  Bliss  [6) 
relative  to  the  change  in  absorbance  necessary  to  reduce  the  slope  efficiency 
to  one-half  of  its  original  value. 

The  dependence  of  the  threshold  t  on  product  absorption  is  given  by 


hi 

where  =  6  +  This  equation  together  with  eqn.  (4)  shows  the  opposing 
behavior  of  k  and  t  first  characterized  by  Fletcher  [7], 

If  the  product  results  from  a  straightforward  global  photolysis, 


Av  =  rT  (8) 

where  T  is  the  sunt  of  the  flashlamp  energies  per  unit  volume  of  dye,  T  = 
17/ V  and  r  measures  the  overall  photosensitivity  of  the  reaction.  More 
generally,  the  variation  in  Ap  with  T  can  be  investigated  using 

/  —  6  1 

—  =  — —  -  -  O) 

k  0  +  a  k0 

which  results  from  rearrangement  of  eqn.  (6).  The  laser-  and  dye-dependent 
parameters  a,  6  and  kQ  can  be  derived  empirically  from  the  dependence  of  0 
on  /  at  constant  T. 

It  is  evident  from  eqn.  (9)  that  for  each  value  of  /  there  is  a  correspond¬ 
ing  maximum  value  of  the  computed  Ap/k..  These  limits  are  a  consequence  of 
the  linear  truncation  of  the  function  F  in  eqn.  (2).  As  the  limit  is  approached 
for  any  value  of  /,  that  input  energy  ceases  to  be  useful  for  characterizing 
product  absorption.  For  this  reason  it  is  desirable  to  have  output  data  taken 
over  a  range  of  flashlamp  excitation  energies  at  approximately  the  same 
value  of  T. 


3.  Experimental  details 

Most  of  the  experimental  conditions  were  the  same  as  those  previously 
described  |8|;  a  Phase-R  DL-JOY  triaxiai  flashlamp  was  used  for  the  test 
laser.  In  some  experiments  a  Pyrex  tube  was  used  instead  of  the  quartz  tube 
separating  the  dye  from  the  coolant  to  remove  the  C  V  portion  of  the  flash- 
lamp  radiation  (UV  filtration).  In  addition,  a  Xenon  Corporation  N-851C 
water-cooled  linear  flashlamp  pumped  by  their  model  457  micropulser  was 
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inserted  in  the  return  flow  from  tin*  test  laser  to  the  storage  and  mixing 
vessel  of  the  dye  flow  system.  This  provided  a  laser-like  environment  without 
mirrors  capable  of  rapidly  subjecting  the  dye  solution  to  large  quantities  of 
radiation.  This  linear  lamp  was  run  at  10  .1  per  shot  at  pulse  rates  varying 
from  1  to  25  Hz. 

The  flow  system  was  closed  to  the  atmosphere  and  was  provided  with  a 
port  for  the  introduction  of  arbitrary  gases  which  were  bubbled  through  the 
solution  in  the  storage  vessel.  This  provided  for  controlled  atmospheres  of  a 
variety  of  cover  gases  which  were  equilibrated  with  the  dye  solution.  This 
system  is  described  in  greater  detail  elsewhere  [9], 


4.  Results 

4. 1.  Results  for  some  coumarin  derivatives 

For  coumarin  102  dissolved  in  a  50:50  mixture  of  ethylene  glycol: 
water,  the  output  of  the  test  laser  proved  to  be  a  sensitive  function  of  the 
rate  at  which  energy  was  introduced  into  the  solution  by  the  micropulser 
lamp.  F’igure  1  shows  results  for  a  1.5  X  10  4  M  solution  equilibrated  with 
argon  under  UV-filtered  conditions.  As  a  consequence  of  the  ambiguity  in 
the  interpretation  of  the  initial  slope  efficiency,  the  reciprocal  Ap/n  +  1  /k0 
of  the  slope  efficiency  computed  from  eqns.  (4),  (6)  and  (9)  is  plotted  in  this 
figure.  The  parameters  5  =  20.7  J  and  cv  =  8.8  m.J  were  estimated  graphically 
from  the  output  at  40  J  and  50  J  in  the  neighborhood  of  the  minima  at  T  == 
7  MJ  dm  1  and  T  *  16  MJ  dm  ’.  When  the  initial  pulse  rate  was  about  25 
Hz,  the  output  increased  to  a  relatively  stable  value.  Change  to  a  pulse  rate 
of  about  1  Hz  resulted  in  rapid  degradation  of  the  output.  This  degradation 
was  followed  with  50  J  shots  of  the  test  laser  to  1/h  values  well  in  excess  of 
the  40  J  limit  at  2.2  X  10  ’.  After  an  overnight  rest,  the  output  from  the  solu¬ 
tion  at  about  25  Hz  repeated  the  performance  of  the  previous  day  at  a  lower 
overall  output  and  approached  an  apparently  quasi-steady  degradation  rate. 
The  results  for  a  2  X  10  4  M  solution  under  similar  conditions  are  shown  in 
Fig.  2. 

These  results  imply  that  there  is  an  extremely  photosensitive  compo¬ 
nent  V  in  the  products  which  absorbs  at  the  lasing  wavelength.  The  increase 
in  this  product  in  the  absence  of  irradiation  implies  a  photoproduced 
precursor  X  of  lower  molar  absorptivity  which  reacts  spontaneously  to 
produce  V.  In  global  terms 

hr 

D - ►  X  (10) 

X - *  V  (11) 

The  decrease  in  V  associated  with  the  high  energy  input  rates  implies  that  V 
photolyzes  to  a  less  absorbant  product  P: 
hr 

V - -P  (12) 
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total  ENERGY  INPUT 
PER  UNIT  VOLUME  T  IMJitK  3i 

Fig.  1.  Heciprocal  slope  efficiency  as  a  function  of  total  energy  input  for  1.5  X  10“4  M 
coumarin  1  02  in  a  50:50  mixture  of  ethylene  glycol  :water  equililiraled  with  argon  under 
UV  filtered  conditions.  Each  point  was  computed  from  an  average  of  ten  closely  spaced 
test  laser  output  determinations  at  the  indicated  input  energy  /  (•'•,  35  J;  ,  40  J;  . ,  45  J; 

,  50  J)  The  micropulser  input  rates  and  the  period  over  which  they  were  applied  are 
indicated  at  the  top  of  the  figure  (/?,  465  J  dm  3  s_l;  %  1  9  J  tlm~J  s~ 1 ). 

To  account  for  the  “yo-yo”  effect  of  the  repeated  changes  in  pulse  rate 
shown  in  Fig.  2,  it  is  necessary  that  X  also  be  photolyzable  to  a  less 
absorbant  product  P’: 

hi' 

X - *  P  (1.3) 

The  rate  of  reaction  (11)  was  observed  in  an  experiment  similar  to  that 
shown  in  Fig.  1  where  a  large  quasi-steady  state  concentration  of  X  was 
generated  at  about  20  Hz  followed  by  no  irradiation  except  for  the  occa¬ 
sional  50  J  single-shot  measurements  with  the  test  laser  required  to  follow 
the  d  ('gradation  in  output.  The  end  point  was  estimated  from  the  near- 
equilibrium  output  obtained  after  2  days  without  irradiation.  The  lifetime 
r ,  |  of  X  relative  to  reaction  (11)  was  estimated  from  the  slope  of  the  linear 
regression  on  the  single-shot  measurements  to  be  about  4  h. 

Under  the  assumption  that  the  change  in  average  concentration  of  the 
various  components  resulting  from  the  passage  of  an  aliquot  through  the 
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R-O(IOmm) 

R-0  R=0(31min) 


'6|  R, 


Ktg.  2  Ri'lativc  product  absorbance  us  a  function  of  total  energy  input  for  2  *  10  4  M 
coumarin  102  in  a  50  50  mixture  of  ethylene  glycol  water  equilibrated  with  argon  under 
UV -filtered  conditions.  Each  point  was  computed  from  t he  average  of  ten  closely  spaced 
test  laser  output  determinations  at  the  indicated  input  energy  /  (  ,  35  .1,  ,  40  J;  ,  45  J; 

,  50  J)  The  micropulser  input  rates  are  indicated  at  the  top  of  the  figure  (K,  *  170  J 
dm  "’s',  /f ,  370  J  dm  1  s  ').  Computed  values  based  on  an  approximate  fit  to  the 

data  are  plotted  for  the  total  absorbance  ( - land  for  the  individual  absorbing  products 

V< - ),  X( - )  and  P  ( - ). 


flow  system  is  small,  the  pertinent  measure  of  the  rate  R  =  dT/dt  of  photo- 
lytic  energy  input  is  the  rate  of  energy  input  divided  by  the  volume  of  the 
system.  If  it  is  assumed  that  bleaching  is  negligible  and  P  is  P',  the  kinetics 
associated  with  reactions  (10)  -  (13)  can  be  represented  by 


d|  X 1 
dT 


=  r, 


m 

Kt  it 


'•,.,1X1 


(14) 


djVj 

dr 


IXj 

Rr,, 


r ,  2 !  v ) 


d[P) 

dT 


=  r,.i|X) 


+  rI2[  V) 


(15) 

(16) 


where  the  square  brackets  indicate  concentration,  r  is  the  photosensitivity  of 
the  photolytic  reactions  and  r ,,  is  the  lifetime  of  X  relative  to  reaction  (11). 
The  observed  sensitivity  to  R  when  the  results  are  viewed  as  a  function  of  T 
is  a  consequence  of  the  decrease  in  importance  of  the  spontaneous  reaction 
(11)  relative  to  the  photolytic  reactions  as  R  is  increased. 

The  concentration  of  V  corresponding  to  a  single-pass  absorbance  of  k 
in  the  test  laser  was  used  as  the  unit  of  concentration,  and  the  value  of  ru 
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I--.1 m. ilcd  above  anil  tile  values  i>1  h  and  o  e>t  limited  from  Kir.  1  were  em¬ 
ployed  to  make  a  erude  fit  of  'lie  analyte  solution  of  the  kinetie  equations 
I  1  1  I  -  I  1  ti  i  to  l  lie  dal  a  plotted  m  Kir.  2.  I  ll  is  fit  shows  t  he  quulitat  ive  ronsis- 
leiiey  between  the  observation  and  the  global  meehanisin  Riven  above.  While 
tile  III  Is  not  precise  or  unique,  il  does  exhibit  tile  order -n  I  magi)  It  lldt ' 
>elat  lonslnps  required  in  obtain  the  iibseiw  1  “yo-yo"  behav  ior  l  i  able  1  I  and 
siiRRcsts  that  ibis  behavior  is  donnnaled  by  the  minor,  yet  highly  absorbanl. 
product  species  V. 
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The  greater  sensitivity  to  the  change  in  pulse  rate  for  T  *  29  M.J  dm  ! 
relative  to  the  initial  sensitivity  suggests  the  possibility  that  P  (or  P'l  is 
photolyzable  back  to  X.  This  would  result  in  a  quasi-steady  increase  in  [X] 
and  |  V)  as  well  as  |P|  during  the  long  duration  segment  at  constant  R.  This 
would  not  affect  the  qualitative  relationships  shown  in  Table  1.  However,  it 
does  suggest  that  the  absorbance  of  P  at  the  lasing  wavelength  may  he 
negligible  compared  with  those  of  the  other  products. 

The  results  from  a  test  of  a  2  ■'  10  4  M  solution  of  AC3F  [10.  11)  in 
ethanol  equilibrated  with  argon  are  shown  in  Fig.  3.  This  test  was  conducted 
under  TV-filtered  conditions  over  a  period  of  7  days.  In  excess  of  99'>  of  the 
energy  was  introduced  hv  the  micropulser  at  about  23  Hz  (ft  *  385  J  dm  1 
s  The  times  during  which  micropulser  energy  was  introduced  are 
indicated  by  the  T  scale  m  (lie  figure.  The  data  were  taken  in  closely  spaced 
sets  ai  30,  35,  10  and  15-1  using  the  test  laser.  The  parameters  8  '  18.4  -I 
and  t>  13.3  m-J  were  estimated  from  the  intersection  of  the  linear  regres¬ 
sion  lines  0(/»  from  data  in  the  ranges  0.7  MJ  dm  3  <  T<  (i  MJ  dm  J  using 
all  /  values  and  II  M.l  dm  '  T  ■  10  MJ  dm  1  writh  /  30  J.  The  initial 
slope  efficiency  *  1.47  x  10  *  was  estimated  from  the  mean  values  of  1  k 
computed  from  a  data  set  taken  before  the  micropulser  was  started. 
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Fig.  3.  Relative  product  absorbance  as  a  function  of  time  for  2  *  10  4  M  AC3F  in  ethanol 
equilibrated  with  argon  under  UV-l'iltered  conditions.  The  introduction  of  energy  by  the 
mieropulser  is  indicated  by  the  secondary  energy  input  scale  at  the  bottom  of  ihe  figure 
( H  *  385  .1  dm  1  s  ' ).  The  points  with  error  bars  represent  the  centroid  of  the  values 
computed  from  the  average  of  ten  test  laser  output  determinations  at  each  of  the  follow 
ing  values  of  input  energy:  45,  40,  35  and  30  J  (time,  less  than  60  h).  Values  computed 
from  the  30  J  data  for  time  greater  than  60  h  are  indicated  by  •.  The  error  bars  indicate 
the  standard  deviation  of  the  values  computed  from  the  various  input  energies  used.  The 
general  correlation  of  these  data  with  time  is  indicated  by  the  linear  regression  line  com¬ 
puted  from  the*  centroids  *  of  the  data  taken  each  day  when  the  mieropulser  was  on.  The 
day  number  is  indicated  by  the  numeral  associated  with  each  of  the  data  groups. 


The  most  significant  change  in  product  absorbance  at  the  lasing  wave¬ 
length  is  that  which  occurred  between  days  4  and  7  when  the  mieropulser 
was  not  running.  This  implies  the  spontaneous  production  of  a  product  V 
from  a  precursor  X  of  lower  molar  absorptivity  (i.e  reaction  (11)).  The 
change  in  relative  absorbance  during  the  70  h  period  from  f  =  5  h  to  t  =  75  h 
is  approximately  the  same  as  that  during  the  period  from  t  =  75  h  to  f  = 
145  h  even  though  5 1  '?<  of  the  excitation  energy  was  introduced  during  days 
2  and  3  of  the  first  period.  This  suggests  that  the  average  concentration  of  X 
was  not  very  different  in  the  two  periods.  Hence  the  steady  state  X  relative  to 
reactions  (10)  and  (13)  is  rapidly  achieved  and  the  lifetime  of  X  relative  to 
reaction  (11)  in  this  case  is  very  much  longer  than  the  4  h  estimated  for  the 
previous  example.  There  is  evidence  for  the  establishment  of  the  steady  state 
in  the  data  for  the  first  day.  Comparison  of  the  data  set  obtained  prior  to 
starting  the  mieropulser  with  those  obtained  immediately  after  suggests  that 
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this  occurs  with  a  total  energy  input  of  about  1  M.l  dm  J.  T  hat  V  is  photo- 
lyzed  to  a  somewhat  lower  molar  absorptivity  product  P  (reaction  (12l)  is 
suggested  by  the  behavior  of  the  data  sets  as  a  function  of  T  during  days  2 
and  3.  This  would  imply  that  the  depletion  in  X  during  the  long  dark  seg¬ 
ment  from  day  1  to  day  7  is  at  least  in  part  masked  by  the  presence  of  a 
large  concentration  of  the  highly  absorbent  product  V. 

While  differing  in  detail,  the  examples  illustrated  in  Figs.  2  and  3 
exhibit  the  same  gross  mechanistic  behavior.  These  examples  are  relatively 
unusual  in  our  experience.  A  more  common  observation  for  eoumarin  deriva¬ 
tives  under  UV-filtered  conditions  is  the  rapid  attainment  of  a  quasi-steady 
increase  in  relative  absorbance  as  a  function  of  T  with  insignificant  changes 
associated  with  changes  in  t He  rate  of  energy  input  or  of  overnight  dark 
periods.  Frequently  the  only  indication  of  secondary  reaction  is  that  the 
extrapolation  to  ktt  based  on  the  quasi-steady  degradation  rate  is  significant¬ 
ly  smaller  than  that  obtained  just  prior  to  the  start  of  the  degradation  exper¬ 
iment.  The  preceding  examples  suggest  that  this  is  a  consequence  of  the 
rapid  establishment  of  a  steady  slab*  X  and  that  the  quasi-steady  degradation 
is  a  consequence  of  the  accumulat  ion  of  the  secondary  degradation  products 
1>  and  P'. 

4  2.  Results  for  some  rhodamine  derivatives 

Data  from  a  1/10  4  M  solution  of  rhodamine  116  perchlorate  in 
ethanol  (ambient  atmosphere)  are  shown  in  Fig.  4.  The  degradation  was 
accomplished  using  the  test  laser  at  a  maximum  value  of  R  =  8.9  J  dm  •’  s  1 
without  l!V  filtration.  The  parameters  8  >  9.3  J  and  a  *  9.5  m.l  were 
estimated  from  the  intersection  of  the  linear  regression  lines  0(/)  for  T- 
25  k.J  dm  '  and  60  k.l  dm  ’  T  ■  86  k-J  dm  '  (25  J  excluded).  The  data 
were  taken  over  2  days  with  an  overnight  dark  period  of  about  17  h.  The 
slope  efficiency  h„  *  1.08  /  10  1  in  the  absence  of  product  was  estimated 
from  the  intercept  at  T  =  0  of  the  linear  regression  line  l//e  versus  T  based  on 
data  from  the  first  day.  Based  on  the  difference  between  the  values  Av/k. 
computed  from  the  linear  regression  lines  corresponding  to  the  2  days,  about 
51  Ve  of  the  product  absorbance  was  lost  during  the  17  h  when  there  was  no 
irradiation  as  a  consequence  of  a  spontaneous  reaction  like  (11)  introduced 
in  Section  4.1.  In  this  case,  however,  V  has  a  lower  molar  absorptivity  than 
that  of  X.  As  a  consequence  the  absence  of  significant  deviation  from  the 
quasi-steady  increase  in  absorbance  on  both  days  suggests  that  the  X  is  the 
significant  product  of  the  initial  global  photolysis  reaction  (10).  The  use  of 
that  concentration  of  X  corresponding  to  a  single-pass  absorbance  of  K  in  the 
test  laser  as  unit  concentration,  along  with  the  assumption  of  negligible 
bleaching,  leads  to  r10=t  1.1  x  1(1  *  dnr’  J  1'hat  the  values  derived  from 
the  slopes  of  the  regression  lines  for  the  two  days  (1.26  x  10  :  dm1  J  1  and 
1.32  x  10  2  dm1  -I  ')  are  not  significantly  different  is  consistent  with  reac¬ 
tions  (10)  and  (11)  being  the  only  reactions  of  significance  relative  to  the 
degradation  of  this  dye.  The  assumption  that  V  has  negligible  molar  absorp¬ 
tivity  at  thelasing  wavelength  leads  to  a  maximum  value  of  rn  of  about  24  h. 
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K  0  20  40  60  80  '00 

TOTAL  fNFHCT  INPUT  PER  UNIT  VOLUME  T  IkJilm  3I 

Kin  1  Ki'i.iiivi'  absorbtimp  .in  a  luiKTion  of  the  total  energy  input  for  1  <10  4  M  rhoda 
mine  1  10  perchlorate  in  ethanol  (ambient  atmosphere)  The  points  were  computed  from 
the  average  of  five  closely  spaced  test  laser  output  determinations  at  the  indicated  input 
energy  /  (  ,  25  J;  •,  .'10  J;  .  Hf>  J.  ,10  J).  1. inear  regression  lines  werp  computed  from 
the  data  for  each  of  the  2  days  (25  .1  excluded  for  T  70  k.)  dm  ■').  Degradation  was 
accomplished  using  the  test  laser  at  10  J  between  each  of  the  groups  of  points  (/?  = 
8.9  J  dm  ’s  ’). 

This,  together  with  the  estimated  value  of  r10,  would  imply  a  change  of  about 
10 7r  in  the  slope  of  Ap/k  versus  T  over  the  first  day  of  reaction  which  \  uld 
not  he  appreciable  relative  to  the  apparent  dispersion  of  the  data. 

Data  from  studies  of  a  number  of  rhodamine  dyes  in  ethanol  (ambient 
atmosphere)  without  UV  filtration  show  a  consistent  pattern  of  spontaneous 
reaction  of  an  initial  product  to  a  secondary  product  of  significantly  differ¬ 
ent  molar  absorptivity  at  the  lasing  wavelength  (Table  2).  From  eqn.  (6)  the 
difference  in  laser  output  associated  with  a  change  in  product  absorbance 
can  be  written  as 

„  &<>(/  —  5)(<4P'  —  Ap)/A0 

<t>  —  <P  =  — - - - —  (17) 

(1  +/1PM0H1  +  Ap  //!„) 

Since  the  change  in  output  is  proportional  to  /  —  6,  the  effect  of  an  over¬ 
night  discontinuity  is  seen  most  significantly  at  the  largest  value  of  /  used  in 
the  test  laser.  The  change  is  positive  if  the  product  V  has  a  lower  molar 
absorptivity  than  that  of  the  initial  product  X.  The  magnitude  of  the  change 
is  dependent  on  the  details  of  the  experiment  as  well  as  the  kinetics.  Since 
these  details  differ  for  the  examples  listed  in  Table  2,  the  magnitude  of  the 
percentage  change  provides  a  measure  only  of  the  significance  of  the  sign  of 
the  observed  change. 

When  some  of  these  compounds  were  tested  under  UV-filtered  condi¬ 
tions  there  was  little  or  no  evidence  to  suggest  any  effect  of  the  spontaneous 
reaction  (11).  The  most  significant  effect  observed  was  for  sulfarhodamine 
101  where  the  effect  was  positive  rather  than  negative  as  shown  in  Table  2 
for  the  unfiltered  conditions. 
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5.  Conclusions 

Since  the  absorption  of  laser  dye  degradation  products  competes  direct¬ 
ly  with  the  population  inversion,  the  amount  of  absorption  required  to 
affect  the  output  of  the  laser  significantly  is  small.  For  lasers  of  the  types 
used  in  these  experiments,  it  has  been  estimated  that  about  V'l  absorption  at 
the  lasing  wavelength  is  sufficient  to  reduce  the  laser  output  by  50T  |6|. 
Thus  laser  performance  is  a  sensitive  measure  of  the  presence  of  products 
which  absorb  at  the  lasing  wavelength.  As  illustrated  by  the  examples  that 
have  been  discussed,  eqn.  (9(  provides  an  approximate  relative  estimate  of 
the  total  absorbance  of  the  dye  degradation  products.  When  care  is  taken  to 
exclude  input  energies  near  the  threshold  where  the  linear  approximation  to 
the  function  F  is  invalid,  the  demonstrated  insensitivity  of  the  apparent 
absorbance  estimates  to  the  flashlamp  input  energy  tends  to  confirm  that  the 
observed  effects  on  the  laser  output  are  dominated  by  product  absorbance. 

The  estimated  total  product  absorbance  at  the  lasing  wavelength  does 
not  discriminate  among  the  various  products  present  in  the  dye  solution.  By 
varying  the  experimental  conditions,  we  have  shown  for  a  number  of 
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examples  ilia!  there  are  several  products  which  absorb  at  the  lasing  wave¬ 
length.  The  discussion  of  these  examples  illustrated  that  the  subsequent 
reactions  of  the  early  products  can  and  do  profoundly  affect  the  degradation 
m  performance  of  a  repetitively  pumped  dye  laser. 

We  have  attempted  to  relate  our  observations  to  the  mechanism  of  dye 
degradation  in  a  gross  global  framework.  This  is  unquestionably  an  over¬ 
simplification  of  the  chemical  complexity  of  laser  dye  systems.  In  the 
relatively  simple  case  of  coumartn  1.  five  photodegradation  products  have 
been  identified  for  a  laser  environment  using  an  unfiltered  flashlamp  with 
oxygen  present  |.'i|.  Only  one  of  these,  the  carboxylic  acid  resulting  from 
successive  photo-oxidation  of  the  methyl  group,  absorbs  strongly  at  the* 
lasing  wavelength  and  is  responsible  for  the  degradation  in  laser  performance 
under  these  experimental  conditions.  When  coumarin  1  is  pumped  using  a 
nitrogen  laser  in  the  absence  of  oxygen,  the  output  has  been  shown  to 
degrade  at  a  rate  not  much  less  than  that  observed  when  oxygen  is  present 
1 12).  This  suggests  other,  as  yet  unknown,  reaction  paths  which  are  not 
significant  m  the  presence  of  oxygen 

The  most  commonly  encountered  evidence  for  the  contribution  of 
secondary  reaction  products  is  an  initial  transient  associated  with  the  estab¬ 
lishment  of  quasi-steady  conditions.  In  this  case  the  degradation  in  laser  per¬ 
formance  is  dominated  by  the  final  product  resulting  from  a  sequence  of 
reaction  steps.  Where  one  of  those  steps  is  a  slow  spontaneous  reaction,  the 
performance  of  the  laser  can  he  markedly  affected  by  the  pulse  rate  and  the 
number  of  duty  cycles.  As  an  extreme  example  consider  the  data  for  AC3F 
|  1 1  |  (  Fig.  ;i  I.  When  the  number  of  shots  or  the  total  output  energy  per  unit 
volume  before  the  output  drops  below  some  limiting  value  is  taken  as  a 
measure  of  the  utility  of  the  dye,  the  utility  would  he  approximately  propor¬ 
tional  to  the  average  [iul.se  rate  of  the  laser.  In  contrast,  let  us  consider  the 
data  for  rhodamino  116  (Fig.  4).  In  this  case  the  utility  would  tend  to 
decrease  as  the  average  [iul.se  rate  was  increased. 


References 

1  K.  A.  Dorko,  A  J  Bridinu  and  S  Johnson.  Jr.,  J  Pholoehem..  IH  ( 1982)  251 . 

2  A.  N  Fletcher,  Ap/il.  I’hys .,  16  (  1978)  93 

3  11  it  Winters,  II.  I  Mandclhcrg  and  W  B.  Mohi,  Appl  I’hys.  Lett..  2 5  (  1974)  723 

I  K.  H  Knipr,  Opt.  Quantum  Electron .,  in  (198.1)  275 

5  II  B.  Snavely  and  O.  Cl.  Peterson,  IEEE  J  Quantum  Electron.,  I  (  1  958  )  5  10 

II  A  N.  Fletcher  and  U  K.  Bliss,  Appl.  I’hys..  16  (1978)  289. 

7  A  N  Fletcher,  .4 ppl.  I’h vs  ,  12  {  1977)327. 

8  A.  N  Fletcher,  K.  H.  Knipe  and  M.  K.  Pietrak.  Appl.  I’hys.  II.  27  (1982)93. 

9  A  N.  Fletcher,  Appl  I'hys.  II.  Ill  (19K3)  19. 

10  A  N  Fletcher,  Appl  I’hys.  I  l(  1977)  295. 

1  1  It.  A.  Henry  and  P  H.  Hammond../.  I letcrocycl.  ('hem..  I  I  (1977)  1109. 

12  lt.VonTrchraandT.il  Koch,  ('hem.  I’hys  l.ett  .  911  ( 1  982)  3  t  5. 


31 


NWC  TP  6538 


no 

Appendix  A:  nomenclature 

-A o  mean  coherent  photon  loss  in  the  absence  of  absorbing  products  ex¬ 
pressed  as  an  equivalent  single-pass  absorbance 
Ip  single-pass  absorbance  of  the  absorbing  products 

F  gross  production  of  coherent  photons  per  unit  flashlamp  excitation 
energy  per  flashlamp  pulse 
h  Planck’s  constant 
/  flashlamp  excitation  energy  per  pulse 
k  slope  efficiency 

r  photosensitivity  factor  for  chemical  reaction 
R  time  derivative  of  T 

t  apparent  lasing  threshold  or  lime,  depending  on  context 
T  sum  of  the  flashlamp  excitation  energies  per  unit  volume  of  dye  solu¬ 
tion 

a  composite  parameter  treated  as  an  empirical  constant 
6  composite  parameter  treated  as  an  empirical  constant 
c  molar  absorptivity 

k  factor  of  proportionality  relating  the  slope  efficiency  to  the  reciprocal 
of  the  sum  of  the  coherent  photon  losses 
v  frequency  of  light 
rM  exponential  lifetime  of  reaction  (11) 

(p  laser  output  per  flashlamp  pulse 
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Appendix  C 

THE  EFFECT  OF  OXYGEN  ON  THE  FLUORESCENCE  QUANTUM  YIELDS 
OF  SOME  COUMARIN  DYES  IN  ETHANOL 

Chemical  Physics  Letters,  Vol.  99,  No.  I 
(22  July  1983),  pp.  49-52 
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I  he  fluorescence  quantum  yields  of  lire  ?-aminocoumarin  dyes  coumarin  1 ,  102,  153.  I  1)490,  and  ('81-  were  measured 
using  argon,  air,  and  oxygen  as  cover  gases.  The  results  show  that,  in  ethanol,  oxygen  does  quench  these  dyes  and  that  the 
fluorescence  is  significantly  improved  in  some  coumarin  dyes  by  the  removal  of  oxygen. 


1 .  Introduction 

The  7-aminocoumarin  dyes  are  recognized  as  an  im¬ 
portant  class  of'  fluorescent  dyes  emitting  in  the  blue- 
green  spectral  region.  There  is  much  information  ( I 
1.1]  on  the  photochemical  and  photophysical  proper¬ 
ties  of  these  dyes.  The  cited  references  deal  with  fluores¬ 
cence  quantum  yields  attd  lifetimes,  structure  effects 
(butterfly  forms,  .1  and  4  position  substitution),  sol¬ 
vent  solute  interactions,  and  laser  lifetimes  and  out¬ 
puts.  However,  with  few  exceptions  [  1.6,8]  the  effects 
of  oxygen  are  not  discussed.  Schimitschek  et  al.  [  1  ]  in¬ 
dicated  that  oxygen  did  not  affect  the  laser  performance 
or  lifetime  of  three  dyes  including  coumarin  I ,  in 
ethanol.  Drexhage  (6)  stated  that  there  is  little  or  no 
quenching  of  fluorescence  by  oxygen  of  coumarin  1 . 

We  found  a  large  oxygen  effect.  Further,  some  incon¬ 
sistencies  are  apparent  in  the  data  on  fluorescence 
quantum  yields  of  these  dyes.  For  example,  values  lor 
tfic  quantum  yield  of  coumarin  I  range  from  0.5  ](i]  to 
0.74  1 5 1  and  those  of  coumarin  153  range  from  0.26 
|  I  1 1  to  0.4  |6|. 

We  have  studied  the  effects  of  argon,  air,  and  oxygen 
as  cover  gases  on  the  fluorescence  quantum  yields  of  a 
representative  selection  of  five  7-aminocoumarin  dyes 
(fig.  I ).  These  results  suggest  that  the  cover  gas  needs 
to  be  explicitly  stated  and  the  ambient  pressure  should 
be  given  in  order  to  define  the  dissolved  gas  concentra¬ 
tion. 


C8I 


Fig.  1 .  Coumarin  dyes  studied  in  this  report. 


2.  Experimental 

The  dyes  coumarin  102,  LD490,  and  coumarin  153 
were  laser  grade  from  Eastman,  Exciton,  and  New  Eng¬ 
land  Nuclear,  respectively.  Coumarin  1  was  from  Aldrich 
and  was  recrystallized  from  ethanol.  C8F  was  prepared 
in  this  laboratory  [7],  The  ethanol  solvent  was  200 
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pimd  Iruui  l 'SI  ami  was  degassed  ami  slmod  iindci 
argon.  I  lie  qiiaiiliini  yields  were  ilelemniied  using  a 
wavelength-corrected  I’eikin  l  ltuei  MIT  44H  lluores- 
cence  spectrophotometer  desenhed  previously  |  1 4 1 
except  that  rhodamine  Mi  was  not  used  as  a  parallel 
second  standard  along  with  the  quinine  sullate  (in  I  N 
H,S04).  The  ambient  pressure  at  this  laboratory  is 
generally  in  the  range  700  70s  Ton. 

Measurements  of  the  fluorescence  quantum  yields 
under  argon  were  made  using  the  argon-satuialed 
ethanol  as  solvent  and  additionally  saturating  lire  sam¬ 
ple  in  the  cuvette  for  60  s  intervals  with  argon  flowing 
at  0.5  citi-Vs.  The  fluorescence  was  measured  aftei  each 
saturation  and  the  process  repeated  until  a  constant  area 
was  obtained  on  the  recordei.  Solution  volume  in  the 
cuvettes  ranged  from  2.X5  to  2.05  cm3  at  25°C  as  de¬ 
termined  by  weight.  The  I  cm  quart/,  cuvettes  were 
weighed  before  and  after  each  saturation.  The  loss  in 
weight  ( M1.002  g)  was  assumed  to  be  due  to  ethanol 
evaporation,  Ethanol  was  added  to  the  cuvette  and  the 
w eight  kept  constant  to  within  5  parts  per  1000  for 
the  dye  solution.  This  amounted  to  adding  one  drop  of 
solvent  from  a  small  pipette  for  each  minute  of  satura¬ 
tion.  Between  two  and  five  saturations  were  generally 
required  to  obtain  an  apparently  constant  area  for  a 
given  covet  gas.  Tacit  cover  gas  was  passed  through 
ethanol  before  entering  the  cuvette  in  order  to  minimize 
evaporation.  The  argon  was  stock  dd.d'V  minimum  oil 
free,  and  the  oxygen  was  aviator  grade  used  without 
further  treatment.  The  air  was  purified  laboratory  com¬ 
pressed  air.  Itt  some  cases,  the  same  solution  was  used 
for  all  three  cover  gases.  However,  it  was  found  that 
using  a  fresh  solution  for  each  cover  gas  cut  the  num¬ 
ber  of  saturations  necessary  to  reach  a  constant  area. 


Solutions  that  weie  tun  with  oxygen  wete  rcsjtuiated 
w  nh  aigon  io  check  icltim  to  ihc  aigon  value. 

Results  weie  calculated  as  desenhed  hv  Demas  and 
(  loshy  |  I5|. 

3.  Results 

I  able  I  gives  the  lesiilis  of  ibis  woik.  I  lie  fluores¬ 
cence  quantum  yields  are  the  averages  ol  two  oi  mote 
determinations.  Excitation  and  emission  wavelengths 
are  the  peak  maxima.  The  expected  spectral  shifts  be¬ 
tween  IT  (Tlj,  and  (  f  y  are  seen  I'm  substitution  in  the 
4  position  for  the  butterfly  coutnaiins.  The  relative 
quantum  yields  in  most  cases  show  a  strong  effect  due 
to  inc.e  ising  amounts  of  oxygen.  Coumarin  1 02  shows 
little  change  between  ait  and  argon  and  similarly  I'm 
coumarin  153.  All  show  a  significant  drop  In  the  pre¬ 
sence  of  pure  oxygen.  The  quinine  sulfate  standard  (in 
I  N  ll2S04 )  was  similarly  checked.  The  recorded  dif¬ 
ferences  are  well  within  the  experimental  error  and  are 
in  accord  with  the  observations  that  quinine  sulfate  is 
not  subject  to  oxygen  quenching. 

Table  2  gives  the  results  for  a  lew  determinations  to 
show  the  effects  of  standing  and  resaturation  fiom  one 
cover  gas  to  another.  These  samples  were  stoppered  to 
pievent  evaporation  of  the  ethanol,  however,  the 
cuvettes  weie  not  completely  gas  tight.  The  most  sigmti 
cant  data  are  lor  coumarin  I  where  the  quantum  yield 
uiuiei  oxygen  was  determined  and  then  left  to  stand 
over  a  weekend.  The  quantum  yield  rose  to  0.72  or  al¬ 
most  the  air  result.  Either  equilibrium  with  the  atmos¬ 
phere  was  essentially  complete  or  oxygen  reacted  with 
the  ethanol  and  the  reduced  concentration  of  oxygen 


Table  1 

(quantum  yields  of  coumarin  dyes  for  different  cover  puses 


Dye 

KT 

(mole/V) 

X1 

(nm> 

xl 

tnm) 

e>fto2) 

Opair) 

OflAr) 

coumarin  1 

6.4  x  in'7 

373 

448 

0.57 

0.79 

0.8S 

coumarin  102 

6.4  X  10'7 

389 

466 

0.58 

0.99 

1.04 

coumarin  153 

7.1  x  10'7 

423 

S3  1 

0.45 

0.58 

0.61 

rsi 

7.2  x  l(f7 

4  III 

SIS 

0.63 

0.76 

0.90 

l  l>  490 

6.2  X  in"7 

394 

474 

0.63 

0.82 

1 .00 

OSII 

13  x  in'* 

3  SO 

4S4 

0.S4 

0.55  s(d 

0.56 
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I  .ib  le  : 

Staiulin>:  time  and  resaturalion  effects  on  quantum  yields 


(  ompound 

0  ,4  A  r ) 

Off  Art 
overnight 

Op  Art 
resaturalion 

Ogtair) 

0,(O2) 

0  <o2) 

stand  over 

weekend 

0,(02) 

resaturation 

coumarin  l 

0.85 

0.84 

0.87 

coumarin  1 

0.79 

0.57 

0.72 

0.56 

coumarin  Hl2 

1.04 

1.03 

0.58 

0.59 

coumarin  153 

n.M 

0.61 

0.58 

l  1)  490 

1 .00 

0.98 

0.59 

let  the  quantum  yield  rise.  Resaturation  with  oxygen 
restored  the  oxygen  eover  gas  quantum  yield. 

4.  Discussion 

No  previous  parametric  studies  of  cover  gas  effects 
on  7-aininocoumarin  dyes  have  been  reported.  Our  re¬ 
sults  are  contrary  to  those  of  Drexhage  |6|.  Oxygen 
and  argon  can  have  a  significant  effect  on  the  fluores¬ 
cence  quantum  yields  of  7-aminoeoumarm  dyes  in  gen¬ 
eral.  However,  the  effects  do  vary  from  dye  to  dye. 

With  some  dyes  in  ethanol  (e.g.  eoumarins  102  and 
15.!)  there  is  little  difference  between  air  and  argon. 
Oxygen  always  led  to  quenching  in  ethanol  for  the  dyes 
in  this  study,  for  the  dyes  reported  here,  oxygen  re¬ 
placement  by  argon  either  had  little  effect  or  increased 
the  quantum  yield.  However,  we  have  evidence  1 16 1 
that  oxygen  does  not  always  decrease  the  quantum 
yield  of  coumarin  dyes  in  other  solvents  such  as 
ethanol  water. 

Table  5 

Comparison  of  quantum  yields  in  ethanol  with  air  as  a  cover  ^*as 


Table  3  compares  many  of  tire  values  of  the  fluores¬ 
cence  quantum  yields  reported  using  ethanol  as  the 
solvent  for  the  dyes  in  this  study.  The  wide  range  of 
values  is  suggestive  of  several  sources  o*-  error  and  is 
not  likely  to  be  due  to  cover  gas  effects  alone. 

All  of  these  dyes  lase  well  1 18) .  Although  not  exact¬ 
ly  comparable  because  the  laser  output  depends  upon 
both  the  slope  efficiency  and  the  threshold  of  lasing, 
the  slope  efficiency  of  dyes  coumarin  102,  153.  C8F, 
and  10400  in  ethanol  were  reduced  to  ==70%  of  the 
argon  value  by  oxygen  eover  gas  1 10|.  The  same  ap¬ 
proximate  reduction  is  found  here  for  the  effect  of 
oxygen  on  the  fluorescence  quantum  yields  of  the 
coumarin  dyes  in  this  work.  The  laser  results  were  sug¬ 
gestive  of  quenching  by  oxygen,  though  they  are  cer¬ 
tainly  not  quantitative  and  do  not  have  a  one  to  one 
theoretical  basis  with  respect  to  fluorescence. 

The  coumarin  102  results  here  are  interesting.  Ap¬ 
parently.  there  is  little  difference  in  the  quantum  yields 
observed  in  air  and  argon.  However,  a  large  oxygen  ef¬ 
fect  is  noted.  With  these  limited  data,  a  crude  Stern 


(  ompound 


coumarin  1 
coumarin  102 
coumarin  153 
<81 

LD  490 


Of,  r  -  2s.o  t 

this  laboratory 


0.79,  0.67  |8| 
0.99.0.93  |8| 
0.58.  0.55  |  H | 
0.76,  0.7H  | 8 | 
0.82,  0.72  [8] 


0,-.  other  laboratories 

0.59  |ll  1,0.64  1 9 1 . 0.5  |6]  j).  0.74  (51 
(I  74  |  I  1 1 . 0.6  |6|  a) 

0.26  |  I  1 1.  0.4  1 6 1 
0.65  |  I  1 1 


a*  In  ref.  [  1 7 1  Drexhage  reports  these  dyes  to  have  fluorescence  quantum  yields  of  above  0.7  as  opposed  to  those  he  gives  in  ref. 

|6|. 
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\  i  'lunu'  9u  nmnK  i  I 


(  m  mi<  a i  I’m  sirs  1 1  m  rs 


22  jui>  1 


\  "liik'i  pint  was  made  in  onlei  to  check  the  consistence 
"I  the  ilat.i.  I'hchehavioi  "I  e * 'iim.i i me  I  and  I ''a  ap¬ 
peals  quite  normal  loi  sueli  a  plot .  I  l)4l>0.  while  having 
a  slope  comparable  lo  eoiiii’anns  1  ami  |S>.  is  displaced 
vei  iiealls  souiessliat  ami  its  extrapolation  1"  the  or  igm 
is  not  as  good.  |  Inis,  tlie  el  loci  ol  oxygon  appears  pm- 
portionatelv  largei  lot  1  1)440  compaied  lo  coumanns 
I  ami  153.  The  behaviour  ol  (M  is  intermediate  and 
is  similar  lo  I  I)4'H)  m  lliai  1 1 s  extrapolation  to  zero  is 
not  too  good  However,  inclusion  ol  error  hars  on  (lie 
Stem  Vnltnei  plot  of  these  limited  data,  would  lead 
one  lo  ascribe  little  sigmlicance  to  these  deviations.  In 
tlie  vase  ol  ,.  on  inarm  102  the  Stem  Volmer  slope  is 
uppio\ nnat el\  l  w  lee  as  ei  eat  as  I  he  other  dyes  and 
does  not  extrapolate  to  the  origin.  We  would  add  that 
it  vv  as  not  oui  intern  to  determine  Stern  Volmer  con¬ 
stants  so  we  did  not  obtain  data  over  the  wide  pressure 
range  needed  to  make  accurate  Slern  Volmer  plots. 

!  lie  mam  iliiuxl  ol  this  papet  is  to  show  that  oxygen 
iloes  indeed  quench  some  coumaiin  dyes  in  ethanol 
and  that  signilicanl  improvements  in  the  luminosity  of 
some  eoumann  dyes  can  be  obtained  by  its  removal. 
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Appendix  0 

LASING  AND  FLUORESCENT  CHARACTERISTICS  OF  NINE,  NEW 
FLASHLAMP-PUMPABLE  COUMARIN  DYES  IN  ETHANOL 
AND  ETHANOL: WATER 
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UN  U  S  <  t )MMl  MC  A  I  IONS 


\  t.-.ivi  t  * 


LASIN(.  AM)  FLUORESCENT  CHARACTERISTICS  OF  NINE.  NEW.  I  I  ASH  ,  •  MMTMBABLE . 
C0UMVR1N  DYES  IN  ETHANOL  AND  ETHANOL  WATER 

A  V  1  1  1  I  (  Ml  R  jiiii  D1  .  BUSS 

/  mre .  ('hitw\tr\  Hr,  sn,h.  \<ivul  Wt’apnns  Ct'ntrr.  China  l  ukr.  California  ;  l  \  \ 


Ului 

J  At.  KAl  I  EM  AN 

(V/t  »n\ir\  /)<  jhjrfit-nt  P.t  PluldJi’lpflid  College  of  f'harnu 
R.\  ei\.  14  \f.,!k  5,  h'S  ; 


In  .nul/or  ll  K  u " 

v.  *  *v  •.  i  .  j  >  a  i " .  >i-,  ■.  .  ,  it  in  ,{\ i*s.  Ihc  new  ■. 

I .  Introduction 

IriVICJsed  laser  o.ltp-i.'  •  .11.  '  •  hints 

dI  lew  flammability  and,  i. '\i.  .■  \  ,i.  .  ’i i • . i . ■  i .I i .  .j. i.iK 
lor  dye  laser  li\  Imi il< >gv  <  li.nii’i'  .  t.-on.i  ci ■  ■■ii'. 
Within  «.ldVSOS  "I  il\CS  liavill.’  .  ■  -t  • : .  1  I :  I  I  ■  : 

I  us  has  proven  to  hi'  i  iiM'lui  ui.  '  .  i ;  nr.  ■  ,i 

laser  dyes  1 1 .2 1  [  liesc  .haticcs  pi  m.li  !i"i  ■  i ■  I \  in. 

possibility  ol  ait  improved  Jw  h>u  also  ini;-.  ■  ,  ■ 

vide  some  insight  as  to  vv  hctliei  mi, .a:  •  mm.  "-.it 
functional  gioup  w Itll  ■  Mliei  .ljsso.it  lives 

We  icporl  lieie  I  lie  lasing  ih.ii.n  leiisiu ,  t  r.iiu 
eoiiiiiarm  lives  wlieie  Jilteienl  Iniietn'ii.il  ct  mps  ii.iie 
been  subslituteil  at  the  .'-position  ol  the  paiem  .  nei 
di/ed .  "htiltei  tly  ”.  7 -.iiiiiih  i  eoiiiiiann  J\  e  kin  us  fi  is 
(  till  and  sold  by  the  I  xeiton  Chemical  Coipotation 
as  dye  I.D-400  |4|  [lie  strnetine  ol  the  patent  dye 
is  shown  in  tig,  1 .  These  dy  es  vvei  '  lotiml  to  tespoiul 


5  < 


lie  I  I'.iniil  l>vc.  CMI 


i  jihl  \i.  -  Mi  -  /' I 'J ID-1.  I  SA 


:  .Hid  lln-  j' r-  'per 
sl'liMl 


1,0 O'l.i’i . •  •  .  .  !  iMie  elliaiiol 

walei  mist  .  ,  I  ■  ,t\t ,n e  not  onk 

shills  the  mm'M,  .  a  , .  o  :  os  e/s  flu' 

flammability  ol  ne  soe.ei,;  ...n.niiui  '-nit  n  ,  an 
v  ietd  higher  l.isei  outputs  an,:  u.'eiimes  lot  some  ol 
(lie  dses. 

7  I  vperimeiital 

I  ti  t'  ees  e't,  e  me.iMiremcri (s  u eie  made  in  t  telt t 
me, i  ill  Mm  iiia  I  ion  m  a  I  s.  in  lone  eell  uni,  a  u  jve- 
tone :"!  s  i-tiw  ted  I’m  kin  I  Inter  Model  4411  I  I  no  res- 
e'i  e  Sj'e. 1 1 oph i a. Mtieler  I  lie  model  44  B  w as  call- 
’a -tied  with  a  I’eikin  I  I  met  t  lines  ten  lamp  using  wave- 
leneth  cot  iccl  ions  si -  m ed  in  the  44 B's  computer . 
M'sotpiioii  measiiienieiits  were  nude  iri  a  lO  -.iu  long 
eell  usine  a  Beekiu.m  |)l  C  spectrophotometer  or  a 
< -uy  M  Ouiiiine  siillate  in  IN  I h S( )4  was  used  as 
the  .|iiailUiin  y  ield  standard.  Absorbance  at  the  exci¬ 
tation  wavelength  was  held  to  less  than  0.02  cm  1 . 

I  lowing  ilye  solutions  having  an  absorbanec  normally 
m  the  uinge  ot  4  5  cm  1  vveie  used  m  a  I’hase-R 
IM  in')  tuaxial  llasldainp  using  a  5>‘  retleetlvity 
output  1 1 ll r i oi  An  exception  was  Dye  (P)  whose 
solubility  limited  the  absorbance  cm  I  to  about  2.2. 


0  040-40 1  K/X4  0000  0000/$  04.00©  19X4  North -Holland 
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\  <  *lil 'Mv-  4  '  niiDiher  1 

|l\e  dceind.i!i"n  wa-.  peitoiiued  with  ;i  Xenon 
(  >tp  line. 1 1  V.vlC  xenon  tilled  tlashlamp  operating 
i!  ID  J  .>!  ekvuie.il  encigy  input,  l.ighl  from  both  the 
icci. id.it  ion  tl.ixhl.unp  and  the  dye  laser  were  separat¬ 
ed  1 1 urn  the  d  \ e  solution  b\  I’y iex  glass  in  order  to 
iiiiiiinii/e  exposine  to  light  below  300  nm.l  orree- 
iions  were  made  loi  changes  in  the  llashlantp  output 
with  tune  Living  wauuenglhx  were  measured  with  a 
Sees  '  4-inelei  speetioeiaph  Mercury  emission  lines 
were  used  lot  e.ihhulion.  Details  ol  this  dye  laser 
■•■..ten,  and  the  tlasliijiup  corrections  are  reported 
■  [  se  A  !  i  e :  e  1 4  | 

I  Vita  1 1  oni  i  lie  d>  e  laser  output .  p.  were  tit  using 
a  .  omputei  to  the  t i i ice  eonstants  a.  h.  and  e. 

0  .;  +  /'/(!+(/).  (II 


I  V.aim  lux.. 

whcie/  is  the  input  energy  per  llasli  and  the  total  in¬ 
put  energy  per  unit  volume  ol  the  dye  solution  is 
represented  In  T  It  has  been  shown  thi.it  h  can  b._. 
equaled  It)  the  initial  slope  efficiency  ,  4,, .  and  that  ./ 
can  he  equated  to  the  product  of  Au  and  the  initial 
threshold.  rn  1 5 ) .  The  value  of  l.V  is  the  lifetime  con¬ 
stant  of  the  dye  solution  under  the  conditions  of  the 
experiment . 

Table  1  presents  the  absorption  and  fluorescence 
characteristics  of  the  nine  new  coumarm  dyes  alone 
with  those  of  the  parent  dye  lO).  Cbll  (l.xicton  1  D- 
4*)0).  The  dyes  were  prepared  by  conventional  syn¬ 
thetic  techniques  [t>] .  Table  d  presents  the  lasing  and 
lifetime  parameters.  Dye  (d,  should  not  he  used  with 
material  made  of  polyethylene  as  it  cither  is  adsorbed 
on  the  surface  or  diffuses  into  it.  Polypropylene  or 
Teflon  appears  to  he  satisfactory  for  use  with  Dye  (d ). 


OIMK  S(  OMMt  \l(  \  I  IONS 


I  in  •.A.iiki  .mu  ji'x-.i h.niLe  .iur.u  leriNli. .  .*1  the  nine  new  .hc.-'V 


1  *\  t' 

miPl  1  "-T 

3-Mihstituent 
niiffox  ular 
weieht  '  <t  d>  e ) 

Solvent  b) 

Si  S0 

A  hsorl 

hands ( nut t 

ance  fluorescence 

1  Itioreseetue 
tpiantum  >  teld 

under 

.nr 

under 

are  >u 

i  > 

ll\  til  • 

1  1()H 

393 

4  "6 

0.82 

ii  02 

0 

« 24  1 > 

1  (OH  water 

404 

488 

0.96 

n.98 

1 

2  -hen/iiuul  j/-*lyl 

1  t()H 

465 

506 

o  94 

0  9" 

1 

I.^Hl 

1  t()ll .  water 

473 

512 

1 .00 

1  .00 

■» 

2  ben/otlna/olyl 

1  ton 

4H0 

5  19 

0  U.) 

o.95 

2 

<  3  7  4 1 

1  (OH  water 

49(1 

526 

(-.  ,M> 

0.99 

; 

2-i't,n/i4\;i/ti|y  l 

1  tOH 

462 

504 

0.94 

0  97 

t 

1 35  S) 

1  toll  water 

474 

5  12 

0.89 

o  91 

4 

Me  tin  Kult  t  mi  yl 

1  t()H 

4  30 

48i) 

0.82 

i,77 

4 

<3 19) 

i  (Oil :  water 

442 

488 

0.87 

".8  7 

s 

IMk-p  ,  1 

1  t()H 

415 

492 

0.83 

o  04 

5 

(31  ) 

l.tOH  w  ater 

4  24 

502 

0.95 

<1  95 

6 

Phenvlsullonyl 

1  ton 

44(1 

484 

0.89 

o  94 

6 

( 38 1 1 

1  t()H  w  atet 

450 

492 

1  .00 

1  I  )'  > 

- 

2-p  y  ridyl 

1  ton 

435 

494 

0.74 

o  86 

7 

(318) 

1  tOH  w ater 

44  2 

502 

0.88 

n.85 

s 

3-pyrid)  1 

)  tOH 

425 

496 

0.85 

o,94 

8 

(318) 

ItOH  water 

433 

506 

0.98 

o.98 

9 

4-p>  ridyl 

1  tOH 

43  7 

500 

0.80 

0.94 

9 

(318) 

1  tOH  water 

445 

*08 

0  88 

US' 

1  > v  c s  ( 1 )  and 
bM  l<  )M  ctlian 

2)  were  previously  prepared  forenenry 
*1.  |  i()H  water  =  one  part  1  i()ll  added 

transfer  |  7  |  hut  had 
to  one  part  water  bv 

riot  been  tested  for  lasine. 

volume. 
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Volume 

4'\  number  1 

DIM  ICS  COMMI  \|( 

A  IIONS 

1  August  1983 

r.thk- : 

t  :rsirii!  v 

hara*.teristk s  *>t  the 

nine  new  dyes. 

l>\  o 

Covet 

A'y  x  1(P 

l  . 

1  .imii.  u.ivdcn 

.  _ 

fM. 

eas 

*  .1 

\  i 

:lh  turn  1 

(l>  HI  let 

i\IJ  ilm-’l 

_ _ 

_ _ _ 

K.1IHV 

Midpoint 

1  th.mol  js  solvent 

— 

1 1 

air 

1.8 

. .  ? 

4.3 

4  77  489 

483 

argon 

2.1 

22.0 

19.0 

478  489 

48  3 

1 

i 

JIT 

1.3 

2u  a 

25.0 

526  541 

534 

argon 

1 .4 

1  7.6 

19.0 

531  544 

53? 

■> 

air 

1.0 

14.5 

48.0 

Vi 

-U 

■<- 

54  7 

argon 

11 

1  2.6 

9.0 

540  555 

54  7 

air 

1.3 

19.1 

22.0 

525  54| 

5  33 

areon 

1.5 

12.9 

6  9 

525  543 

5  34 

4 

i 

atr 

1.7 

214. 

7.5 

442  508 

sun 

•4 

ari’i-n 

1  6 

21  X 

36  0 

492  5IP 

499 

5 

air 

1.3 

24  2 

5.0 

498  5  1  | 

SI  14 

a  re* >n 

1 .4 

1  9.6 

2o.li 

498  512 

5')5 

6 

6 

air 

are* ui 

15 

1.6 

2o.2 

H.  1 

5.3 

4.x 

493  508 

4  94  510 

5oi 

5u2 

an 

11 

1  94. 

6  1 

505  518 

5  1 2 

argon 

1.7 

IX. 5 

6  4 

50 7  51“ 

512 

H 

8 

air 

a  re  on 

1.7 

1.9 

18.3 

16.6 

6  7 

1  7,0 

5  04  518 

504  519 

5  1  1 
si : 

9 

air 

1.8 

Ift. 2 

6.8 

511  522 

5  |  h 

argon 

2.0 

17.2 

9  2 

512  521 

517 

f  than 

4  water  as  solvent 

u 

JH 

2  4 

21.7 

2.4 

485  508 

497 

argon 

2.7 

21.7 

8.5 

484  508 

4% 

I 

i 

air 

1.5 

194 

35.0 

542  554 

548 

i 

argon 

\  3 

17  4 

170.0 

530  548 

5  39 

air 

1.3 

16.7 

504. 

547  564 

5  5  5 

argon 

1.2 

15  1 

35.0 

543  562 

55  2 

3 

air 

2.0 

18.6 

170.0 

5.31  553 

>45 

a  re  on 

2.0 

1  7.6 

1  lo  II 

5  3  1  5  5  3 

545 

4 

atr 

1 .8 

21.2 

84  0 

5o5  524 

S  14 

are*  ai 

1  6 

20.7 

12  0 

i 04  523 

5  l  3 

s 

air 

2  0 

l».7 

3.8 

505  520 

s  |  3 

areon 

1.7 

IK  6 

15.(1 

5 1)5  5  23 

5  14 

ft 

air 

2.0 

21.1 

49.0 

5 05  524 

5  14 

at  eon 

1  9 

20.6 

71.0 

505  524 

5  14 

7 

air 

1.4 

19  9 

7.2 

520  536 

528 

areon 

1 .3 

18.9 

5.0 

518  525 

5  22 

8 

air 

2  2 

1 8.8 

4.9 

513  527 

5  2d 
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3.  Discussion 

There  are  three  experimental  parameters  that  have 
been  varied  in  this  study  :  (a)  the  substituent  at  the  3- 
position,  (b)  the  presence  or  absence  of  oxygen;  and 
(c)  the  use  of  50 :  50  by  volume  of  water  in  addition 
to  measurements  in  ethanol.  Changing  the  functional 
group  from  hydrogen  to  those  ol  Dyes  ( 1  lh  cau-.es  a 
red  shift  in  the  wavelengths  of  fluorescence  and  lasing. 
Table  3  shows  the  pattern  of  changes  that  occur 
through  the  effects  of  the  solvent  and  cover  gas 
changes  upon  lasing.  It  is  seen,  tor  example,  that  loi 
most  of  the  dyes,  a!  least  a  20'  '<  improvement  in  out¬ 
put  is  found  in  changing  from  ethanol  to  ethanol  water. 
Some  of  this  improvement  can  be  attributed  to  the 
improved  theimal  properties  of  water  as  a  lasing 
media  [8],  Hxccpt  lor  the  pyridyl  substituted  Dyes 
(7).  (X).  and  (dj,  an  improvement  is  seen  for  the  laser 
output  when  ethanol  is  the  solvent  and  aii  is  replaced 
by  argon.  Both  the  ethanol;  water  and  the  argon 
changes  appear  to  affect  lifetime  about  50V!  of  the 
time.  Some  of  the  lifetime  changes  are  quite  signifi¬ 
cant  however. 

Although  there  is  a  somewhat  consistent  picture  ol 


table  3 

lives  Untwine  ail  impnivenien!  -11  with  an  uulieale.l  n.irain.iei 
chance. 


Si. itu  paiaineler  live  ninnhci  impr.ivcmvnt  in 

I  itelime  t  .'iol.inl  l  i  I  asei  ■  Milpiu 


Sttlvenl 
elh.mnl 
ethanol  w..’er 


ethannl 
ellunol  water 


Chance  tmm  an  1"  areon 
i.4,5.K  n.l.g.i.S.r, 

I.5.X  X.4 

Chance  Ironi  arvnn  In  all 

2.3 

4 


t  . tver  eas 
all 

arvnn 


Chance  tmm  ethannl  methanol  water 

3.4 .b  n. 1 .2.3.5  .h.7,X 

1.2. 3 .6  3.5,7.x.') 

Chance  tmm  ethannl  water  tn  ethannl 


air  0  4 

arvnn  0 

■'  1  sir  :  Inerease  nr  more  in  Uye  s.ilulmn  litetime  eonslanl  2ir  . 
ms  rease  or  more  in  test  st>  e  laser  output  loi  S()  J  input 


improvements  through  changes  in  the  experimental 
parameters,  the  greatest  improvements  are  seen  in  the 
changes  ol  the  3-substituent.  Up  to  a  tenfold  improve¬ 
ment  in  lifetime  over  the  parent  dye.  1.1)490.  is  seen 
for  Dye  (2)  in  ethanol: water  tor  example.  Dyes  (7) 
and  (X)  have  very  lugb  outputs. even  though  their 
lifetimes  are  low  .  Their  outputs  are  comparable  to 
those  that  we  have  measured  for  rhodamine  6G  |4.d|. 

l  or  the  most  part,  the  changes  seen  in  the  lasing 
characteristics  of  table  2  are  reflected  by  the  fluores¬ 
cence  seen  in  table  I  .  Jones  et  -il  repotted  that  the  4- 
substiluted.  ngidi/.ed.  7 -amino  coumarm  dyes  main¬ 
tain  their  level  ol  fluorescence  emission  m  more  polar 
solvents  in  contrast  to  the  decrease  observed  for  the 
non-rigidi/ed  coumarins  [  IO|.We  find  that  most  of 
the  rigidi/ed.  “butterfly”,  unsuhstituted  as  well  as 
most  of  the  nine  new  3-subslituied.  coumarins  actually 
have  an  increase  in  their  fluorescence  quantum  yields 
in  going  from  ethanol  to  the  more  polar  ethanol  water 
solvent.  The  laser  outputs  also  show  a  corresponding 
increase  in  many  cases. 

Marling  et  al.  found  that  the  removal  of  oxygen 
made  a  dramatic  reduction  in  the  lasing  output  of  all 
of  the  nine  coumarin  dyes  in  ethanol  that  they  tested 
1 1  1 ) .  Similarly,  a  wide  variety  of  coumarin  and  qui- 
nolone  dyes  tested  in  this  laboratory  were  reported  to 
have  reduced  outputs  when  oxygen  was  removed  [2] . 
Since  the  opposite  effect. an  increase  in  laser  output 
upon  removal  of  oxygen,  is  found  in  the  present 
studs .  it  is  suggested  that  intersystem  crossing  from 
electronically  excited,  upper  singlet  states  to  the  trip¬ 
let  manifold  plays  a  significant  role  in  coumarin  laser 
dyes.  Oxygen  is  presumably  needed  to  quench  triplet- 
state  coumarin  molecules  whose  TT  absorption  would 
otherwise  testrict  lasing  action  [1 1 1.  In  this  study,  til 
contrast  to  those  cited  above,  a  1‘yre.x  light  filter  pre¬ 
vents  the  transitions  to  the  upper-excited  singlet 
states. 

An  unusual  result  shown  m  table  2  is  the  difference 
observed  in  the  wavelengths  of  lasing  caused  by  the 
cover  gas  for  Dyes  ( 1 ).  (7 ).  and  (d )  in  ethanol: water. 
Dye  ( I )  under  argon  shows  a  blue  shift.  Dyes  (7).  and 
(9)  under  air  show  a  red  shift.  Although  there  are 
many  factors  that  make  measurements  of  the  range  of 
lasing  wavelengths  inexact,  such  as  the  energy  per  laser 
pulse  striking  the  photographic  film,  these  shifts  ap¬ 
pear  to  be  quite  real.  Transient  photophysical  effects, 
such  as  TT  absorption,  that  are  either  accelerated  or 
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quenched  by  oxygen,  are  suggested  causes  of  these 
anomalies,  For  Dye  (lt)  this  transient  also  appears  to 
markedly  reduce  the  laser  output. 

Although  this  discussion  has  placed  emphasis  upon 
the  improvements  that  can  occur  by  changing  a  sub¬ 
stituent ,  solvent  or  cover  gas.  it  should  he  noted  that 
such  changes  are  of  little  value  it  the  corresponding 
lasing  wavelength  does  not  match  the  need  ol  a  spe¬ 
cific  application.  For  this  reason,  a  series  of  dyes  are 
needed  and  the  corresponding  experimental  factors 
evaluated,  in  order  to  obtain  the  optimum  laser  dye 
for  a  given  application.  The  lextilts  shown  here  indicate 
that  operational  conditions  as  well  as  substituent 
changes  are  of  importance  in  efforts  to  evaluate  and 
hence  obtain  improved  laser  dyes. 
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Abstract.  A  figure-of-merit  (t-()Mi  consisting  of  the  initial  laser  slope  efficiency  times  the 
dye  lifetime  constant  is  used  to  compare  the  effect  of  a  Pyrcx  light  filter  and  the  cover  gas 
upon  the  output  characteristics  of  six  laser  dye  solutions.  The  POM  is  found  to  improve 
using  the  I'yrex  filter  from  2-fold  Icoumann  102  under  air)  up  to  3x()0-fold  (rhodannne  6(1 
under  argont.  In  most  cases,  the  use  of  argon  in  place  of  air  for  a  coumarin  dye  not  only 
improves  the  laser  output,  hut  also  increases  the  lifetime  constant.  However,  two  of  the 
coumarin  dyes  had  an  increase  in  lifetime  under  air  as  compared  to  under  argon.  Phis 
difference  is  explained  in  terms  of  the  relative  energy  levels  of  the  singlet  and  triplet  states  of 
these  dyes. 

In  order  tvs  measure  long-lived  dye  solutions,  a  separate  output-monitored  linear  flashlamp 
was  used  to  degrade  the  solutions.  The  dye  lifetime  constants  were  corrected  for  changes  in 
the  output  of  this  linear  flashlamp.  The  relative  output  of  this  dye  degradation  flashlamp 
was  found  to  depend  upon  the  wavelength  of  the  measurement  and  the  position  of  the 
sensor  along  the  length  of  the  lamp  The  variation  in  the  output  of  several  flashlamps  is 
shown  for  lamps  operating  up  to  a  total  of  ft)  million  flashes.  The  lifetime  constants  of  the 
dye  l.D-490  measured  by  using  the  coaxial  laser  flashlamp  was  found  to  be  comparable 
with,  but  lower  than,  the  constants  obtained  from  using  the  linear  dye-degradation 
flashlamp. 

PACS:  7K.60.  hi. tv.  X2.5 


Studies  on  the  photo-bleaching  of  dyes  are  of  limited 
usefulness  m  predicting  flashlamp-pumpcd  dye  laser 
lifetime  characteristics.  Although  there  are  exceptions 
such  as  the  tricarbocyamne  dyes  (  1  j.  bleaching  is 
usually  not  significant  prior  to  the  initiation  of  ma|or 
changes  in  the  laser  output.  On  the  other  hand, 
changes  in  the  absorption  of  the  dye  solution  at  the 
lasing  wavelength  do  occur  for  coumarin  |2  4]  and 
rhodamine  dyes  [ 5 }  concurrently  with  output  deg¬ 
radation.  i  e..  increased  absorption  at  the  lasing  wave¬ 
length  plays  a  major  role  m  the  degradation  of  the 
output  of  the  ilye  laser  (6] 

Since  radiation  at  wavelengths  below  300 nm  is  of 
sufficient  energy  to  break  many  of  the  bonds  m  laser 
dyes  |7|.  exclusion  of  these  wavelengths  should  im¬ 
prove  the  stability  of  the  dye  laser  output.  Although 


there  have  been  examples  where  some  degree  of  uv 
filtration  has  been  used  or  the  effects  suggested  as  the 
cause  of  improved  lifetime  [4,  X  10],  there  have  been 
only  a  few  studies  [II  13]  that  showed  the  actual 
changes  in  the  operational  characteristics  that  resulted 
from  the  introduction  of  uv  filtration  to  a  dye  laser 
solution.  The  data  and  scope  in  [II  13]  were  limited, 
which  suggested  the  need  of  a  more  thorough  exam¬ 
ination  of  the  changes  that  could  be  expected  through 
the  introduction  of  a  uv  filter.  Because  of  its  stability 
and  availability,  laboratory -grade  Pyrex  was  chosen  as 
the  uv  filter 

When  the  goal  of  improving  dye  laser  lifetime  ts 
considered,  the  type  of  cover  gas  must  not  be  neglect¬ 
ed  file  removal  of  oxygen  has  been  indicated  both  as 
having  no  effect  on  dye  laser  lifetime  of  coumarin  dyes 
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(with  sonic  uv  filtranonl  |  14  |.  as  well  as  reducing  the 
lifetime  (with  no  m  I'll tra t ion )  [15]  Oxygen  removal 
has  been  reported  to  extend  the  lifetime  of  tricarbo- 
eyanine  dies  (with  some  u\  nitration)  |  1  )  Since  oxy- 
gen  lias  both  positive  and  negative  effects  upon  the 
photolysis  of  dyes  [l(i|  and  because  of  the  above 
possible  conflicts  [  14,  IS),  its  effects  were  included 
along  with  those  of  the  l’yrcx  uv  filter  in  this  study. 

It  shall  be  shown  that  removal  of  oxygen  not  onlv 
extends  the  lifetime  but  can  also  increase  the  output  of 
some  laser  dye  solutions.  In  general,  the  laser  output 
lain!  the  fluorescence  quantum  yield  [  17]|  of  coutnarin 
dyes  in  ethanol  was  found  to  be  quenched  by  oxygen 
I  he  lifetime  improvement  through  the  removal  of 
oxygen  is  tun  general,  however,  as  some  of  the  dyes 
showed  higher  lifetime  constants  under  ait. 

1  wo  different  lifetime  constants  have  been  used  in  this 
series.  :.  and  1  c.  l  or  reasons  cited  in  (  IKJ,  I  c  w  ill  he 
used  as  the  laser  determined  lifetime  constant. 


I.  Calculations 

/./.  /.over  Depravation  ami  l.iletime  Equations 

I  lie  output.  </>.  of  a  flashlamp  pumped  dye  laser  can  be 
described  by 

(/>  -  A(  /  it.  ( I ) 

where  A  is  called  the  slope  efficiency.  I  is  the  electrical 
input  energy  stored  in  a  capacitor  prior  to  discharge 
through  the  flashlamp,  and  t  is  the  threshold  of  lasing. 
A  term  that  will  be  used  lit  the  measurement  of  the 
degradation  of  the  laser  output  is 

/  in.  (2) 

where  l  is  the  total  volume  of  the  dye  solution  being 
circulated  through  the  laser  cav  ity  and  u  is  the  number 
of  flashlamp  pulses.  I  lie  degradation  of  the  laser 
output  can  be  expressed  by 

< !>  -  a  4  hi  ( I  4  cl)  (3) 

from  [  18]  based  upon  the  results  of  [6],  Combining 
with  equivalent  terms  of  1 1 ). 

<l>  =  ■  -  A„t0  +  A,,/  ( I  t  cl).  (4) 

where  the  sub-/eros  indicate  initial  values.  When  the 
value  k  of  (I)  degrades  to  A„  2.  the  value  of  7  will  be 
taken  as  the  degradation  constant,  1  c.  for  the  specific 
experiment. 

the  actual  lifetime  of  a  dye  solution  depends  upon  the 
fraction  of  degradation.  I).  that  is  allowed  from  the 
initial  output. 

</>=(!  D)tpu  15) 


In  [  18]  it  was  shown  that  the  value  of  /  for  a  specific 
degree  of  degradation.  I).  in  a  given  laser  can  be 
expressed  by 

.  I>  '/ 

I  b  | 

c  | /(I  />l+/)r„t] 

1.2.  Dctcnnimition  nj  1  r  from  -  tu/ues 

In  order  to  make  use  of  earlier  lifetime  constants 
calculated  as  r.  it  is  necessary  to  be  able  to  calculate  I  c 
values.  A  quick  approximation  can  be  made  for  small 
values  of  r  and  I  < 


A  more  exact  expression  can  be  made  by  noting  that 
the  earlier  4-parameter  equation  loosely  overlaps  tbi 
up  to  /  =  2t,,  f  1 8  j.  Thus,  taking  0  =  0.5.  l-2tu  and 
using  the  constants  r  and  /i4  from  the  4-parameter 
expression 

I  <•  -■  3[  v  +  2r-  I  v '  t  ( 2r)->'  :J  2.  t'l 

where 

V  =1/-  t„)  =  t„  I  8  I 

I  iqtire-o/- Merit  (TOM) 

A  very  useful  term  that  allows  comparison  of  different 
dyes  is  the  lifetime  constant  multiplied  by  the  initial 
slope  efficiency 

TOM  --  A„  c .  (4i 

1  his  TOM  can  be  related  to  the  total  output  energy 
that  the  laser  can  produce  [14],  The  TOM  is  a 
particularly  convenient  term  to  compare  the  relative 
merits  of  dyes  having  different  slope  efficiencies  and 
lifetime  constants. 


2.  Experimental 

2.1.  Equipment  wul  Materials 

A  Phase- R  1)1-105  triaxial  flashtube  was  used  in 
place  of  the  coaxial  1)1  -5  that  was  used  for  earlier  work 
in  this  series.  I  mission  from  4(X>  7(X)nm  of  this  flash- 
lamp  in  our  system  had  a  10  90"..  risetime  of  about 
2(X)ns  and  a  TWT1M  ol  750  ns.  f’yrex  glass  was  used  in 
place  of  the  usual  quart/  tube  used  to  separate  the  dye 
solution  from  the  coolant.  T  he  internal  diameter  of  the 
dye  solution  tube  was  6  mm  as  opposed  to  the  5  mm  of 
the  D1.-5.  Separate  stainless  steel  heat  exchangers  were 
used  to  temper  the  dye  solution  and  the  water  used  as 
the  coolant.  The  temperatures  of  these  liquids  were 
controlled  to  0.01  (.'  measured  at  their  exit  from  the 
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1  ,lm/t  Pu-  Ntahilitv  l\tM  '> 

flashiube  A  I  user  PreciMon  Rj-?000  series  micropro¬ 
cessor  based  pyroelectric  energy  meter  was  used  to 
measure  the  output  energy  of  the  laser 
A  Xenon  (  orporaiion  (Wilmington.  Massaelutsettsi 
N-S5K  water-cooled  linear  flashlamp  was  used  .it 
rates  up  to  25  11/  to  degrade  the  dye  solution  litis 
llashtuhe  has  a  7  mm  inner  diameter  bore  and  101  mm 
between  its  electrodes.  I  he  15  mm  outer  diameter 
water-cooled  version  ol  this  flashlamp  was  placed  into 
the  center  of  a  0  1 25 tint*  I’yrex  jacket  through  which 
the  live  solution  (lowed.  Water  was  held  between  the 
outside  wall  ol  the  llashlamp  and  the  inside  wall  of  the 
picket  in  order  to  reduce  reflection  losses.  I  he  annular 
thickness  o|  the  jacket  was  S  mm  Aluminum  foil 
surrounded  the  picket  except  in  lltosc  places  that  were 
monitored  by  light  pipes,  hour  1.2mm  diameter  fiber¬ 
optic  glass  light  pipes  were  fixed  m  position  25  mm 
apart  along  the  length  of  the  I’yrex  jacket  to  monitor 
the  output  of  the  degradation  flashlamp  Position  1 
was  close  to  the  anode  of  the  flashlamp  I  he  positions 
of  the  Itghi  pipes  were  symmetrical  with  respect  to  the 
center  of  the  flashlamp  bach  light  pipe  led  to  a 
different  narrow  bandpass  multi-dicloctric  light  fillet 
and  on  to  a  second  light  pipe.  The  second  light  pipe 
associated  with  each  filter  could  he  reproducible  fixed 
in  front  of  a  baser  Precision  RjP-765  Silicon  type 
detector.  The  degradation  lamp  was  driven  by  the 
Xenon  Corporation  Model  457  Mieropulser  using  a 
0.2  pT  capacitor  The  system  yields  a  1  4ps  IWHM 
pulse  for  a  MM  input  for  light  falling  m  the  wavelength 
range  of  400  700 nm.  The  risctimc  10  90"..  was 
0.9  ps. 

I  he  degradation  lamp  is  located  so  that  it  receives  dye 
solution  from  the  laser  head  before  it  enters  the  dye 
reservoir.  Part  of  the  dye  solution  being  pumped  to  the 
90  mm  millipore  fluid  filler  is  diverted  back  to  the 
reservoir.  T  his  bypass  continuously  removes  any  bub¬ 
bles  from  the  filter  and  produces  a  vigorous  mixing 
action  in  the  dye  reservoir  Other  features  were  pri¬ 
marily  the  same  as  reported  earlier  except  for  the  use  of 
a  separate  degradation  lamp,  the  triaxial  configu¬ 
ration.  and  our  present  use  of  insulated  Teflon  tubing 
in  place  of  polyethylene 

Reagent  grade  ethanol  front  l  tilled  Stales  Industrial 
or  Spectroquality  methanol  from  Burdick  and  Jackson 
were  the  solvents  used  in  this  report.  The  laser  dyes 
AC3L  [20]  and  CXb  [  2 1 J  were  supplied  by  l)r.  R  A. 
Henry  of  lilts  laboratory.  Argon  was  purified  by  a 
Matheson  S301  Hydrox  purifier  gettering  furnace  just 
prior  to  use  The  cover  gas  was  pre-saturated  with  the 
solvent  prior  to  going  to  a  fritted  glass  bubbler  under 
the  surface  of  the  solution  in  the  dye  solution  reservoir. 
Minimum  flow  rates  of  a  0.1  dm 'min  were  used 
continuously  while  the  dye  solution  was  being  tested 
for  lasing  characteristics. 


2.2.  /Vm  ci/iuv.s 

A  problem  associated  with  testing  different  dyes  arises 
from  contamination  from  a  previouslv  tested  dve.  This 
problem  is  particularly  acute  if  the  contaminant  ab¬ 
sorbs  at  the  lasing  wavelength  I  he  problem  is  further 
compounded  I  or  week-long  tests  where  slow  diffusion 
ol  dye  from  tubing  connections  could  verv  well  provide 

a  significant  amount  of  contamination. 

Our  procedure  to  solve  the  above  problems  is  to  test 
lives  m  a  sequence  where  the  absorbance  and  lasing 
wavelengths  are  increasing.  Thus,  previously  tested 
dyes  would  absorb  at  shorter  wavelengths  than  that  of 
lasing.  Our  laser  system  is  designed  so  that  most  of  the 
equipment  is  located  on  a  vertical  axis  with  a  low  drain 
point.  After  each  change  of  dye.  hot  ethanol  is  con¬ 
tinuously  refluxed  through  the  system  for  several 
hours  Where  possible,  the  system  is  filled  with  ethanol 
so  as  to  encourage  diffusion  from  the  tubing  con¬ 
nectors.  I  xaminaPon  of  this  ethanol  for  fluorescence 
by  means  of  ultraviolet  light  after  having  stood  over  a 
weekend  gives  a  convenient  measure  of  the  effective¬ 
ness  of  the  cleaning  procedure  (and  may  indicate  the 
need  for  an  additional  reflux). 

I  he  test  apparatus  is  operated  with  a  minimum  of 
0.55 dm'  ol  dye  solution  We  find  that  a  preliminary 
hour  ol  flowing  ol  argon  or  oxygen  does  not  appear  to 
be  sulficteni  We.  consequently,  flow  argon  or  oxygen 
overnight  through  a  slowly  circulating  dye  solution 
prior  to  laser  testing 

1  he  vlye  solution  leaving  the  laser  head  is  maintained 
at  27.3  (.  .  the  average  temperature  of  the  laser  eon- 
tamer  |ll]  I  he  temperature  difference  between  the 
coolant  and  the  dye  at  a  pre-flash  is  held  to  0.10 
*  001  ('  with  the  coolant  being  warmer  than  the  dye. 
in  contrast  to  the  notion  that  the  dye  and  coolant  must 
be  t  0.05  t  ol  each  other  ( 22 J.  we  find  improved 
output  with  a  warmer  coolant  [23]  and  that  repro¬ 
ducibility  of  laser  output  is  sensitive  to  0.01  (2  changes 
m  the  relative  temperature  of  coolant  and  dve.  Some 
sensitivity  is  also  evident  for  the  absolute  temperature 
of  the  solutions  even  when  the  temperature  differential 
ts  maintained.  Since  the  temperatures  of  these  fluids 
.ire  monitored  as  they  just  exit  the  laser  cavity,  an 
increase  in  temperature  ol  the  coolant  is  observed 
when  the  laser  is  operating.  At  flash  inputs  of  the  order 
of  30  40J.  the  temperature  of  the  coolant  ts  usually 
onlv  0.01  t  warmer  than  its  initial  value  when  there  is 
a  tune  of  It's  between  each  pulse  as  is  used  in  our  usual 
operating  procedure.  Using  the  microprocessor 
averaging  capability  of  the  Laser  Precision  7000  series 
energy  meter,  an  average  of  10  laser  pulses  is  obtained 
for  each  output  measurement  recorded. 

The  output  of  the  degradation  lamp  must  be  calibrated 
with  dye-free  solvent  since  light  from  the  degradation 
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flashlamp  passes  through  the  dye  laser  fluiel  before 
reaching  the  four  light  pipes.  C  alibration  is  made 
regular!)  for  each  position  and  a  feu  times  also  for 
each  of  the  four  different  filters  at  each  position  The 
voltage  of  the  Model  457  Micropulser  is  set  to  produce 
10.1  as  measured  on  its  analog  readout.  I  sing  the  lamp 
output  at  slow  pulse  rates  measured  by  the  706 mil 
filter  as  a  reference,  the  voltage  of  the  Micropulser 
must  be  increased  in  order  to  have  the  same  level  of 
emission  from  the  llashlamp  when  its  pulse  rate  is 
increased  I  this  increase  is  necessary  because  of  the 
limited  capabilities  of  the  power  supply).  It  is.  con¬ 
sequently,  necessary  to  increase  the  control  poten¬ 
tiometer  of  the  Micropulser  from  10.000  V  at  low  pulse 
rates  up  to  around  1 1,000  V  at  25  11/.  At  these  fast 
rates  the  microprocessor  is  used  to  average  100  flashes 
for  an  individual  lamp  output  reading.  The  ratio  of  the 
output  of  the  degradation  lamp  at  a  given  position 
div  ided  by  its  value  for  a  new  lamp  is  determined  as  the 
lamp  optical  factor  at  that  position.  An  average  of  all 
but  the  706  mm  filter  is  used  as  the  optical  factor  of  the 
lamp.  The  optical  factor  is  multiplied  by  the  measured 
lifetime  term  in  order  to  obtain  an  optical-factor- 
corrected  lifetime  constant  that  should  be  obtainable 
through  the  use  of  a  new  nondegrading  flashlamp. 

7.4.  Optical  Factor  Determination 

[able  I  illustrates  the  initial  output  readings  of  the 
third  linear  flashlamp  that  was  used  in  this  study. 
Outputs  using  four  different  light  filters  are  examined 
at  four  different  positions  along  the  axis  of  the  lamp. 
Since  the  silicon  detector  is  wavelength  sensitive  and 
because  of  the  different  bandpalhs  of  the  filters,  direct 
comparisons  of  values  can  be  made  only  for  light 
transmitted  through  an  individual  filter.  Table  I  illus¬ 
trates  that  positions  I  5  have  almost  equivalent  illumi¬ 
nation  but  that  position  4.  close  to  the  cathode  of  the 
lamp,  has  a  measurably  reduced  output  independent  of 
wavelength  Position  4  thus  appears  to  have  a  lower 
temperature  xenon  plasma  than  the  remainder  of  the 
arc  between  the  electrodes,  fable  2  shows  the  relative 
values  of  outputs  compared  to  the  new  values  show  n  in 
Table  I  after  the  lamp  had  been  used  The  effect  of  the 
cooler  plasma  at  position  4  is  now  reflected  lit  a  more 
rapid  degradation  in  lamp  output  in  this  position 
Position  1.  in  contrast,  shows  a  much  higher  output  for 
those  filters  that  are  sensitive  to  the  absorption  of  light 
by  the  deposit  formed  on  the  inner  walls  of  the 
flashtube.  fable  2  shows  that  at  a  given  position,  light 
is  absorbed  at  406  nm  slightly  more  than  at  436  or 
546 nm.  and  that  these  three  wavelengths  absorb  sig¬ 
nificantly  more  than  at  706 nm.  Since  we  are  only- 
interested  in  light  that  is  used  to  pump  the  dye  that 
falls  at  wavelengths  higher  than  the  300  nm  of  our 
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Pyrex  filter  but  less  than  560  nm.  the  light  transmission 
of  the  706  filter  is  of  no  use  for  our  optical  factor  for  the 
dyes  of  this  study  (the  706  nm  light  is  used  to  establish 
a  constant  output  of  the  flashlamp  as  the  pulse  rate  is 
increased  since  none  of  the  dyes  tested  in  this  report 
have  electronic  transitions  at  706 nm).  The  average  of 
the  remaining  relative  outputs  of  the  other  filter 
measurements  when  they  are  in  their  normal  locations 
is  0.66  from  the  values  of  Table  2.  Since  this  is  quite 
close  to  the  4-position  average  of  filter  406  and  identi¬ 
cal  to  that  of  filter  436.  the  average  making  use  of  the 
546  filter  gives  a  good  measure  of  the  light  emission  at 
all  four  positions  where  the  bands  of  the  dye- 

fall  below  550  nm.  The  value  0.66  falls  fairly  close  to 
the  output  of  the  436  nm  filter  w  hen  mounted  close  to 
the  center  of  the  lamp.  Our  first  lamp  calibration  used 
I u s t  this  single  filter  system. 

At  179  million  joules  input,  the  4-position  average  of 
the  relative  outputs  of  flashlamp  No.  3  was  0  594. 
0.606,  0.632.  and  0.807  as  measured  by  the  406.  436. 
546.  and  706  nm  filters,  respectively  The  average  mea¬ 
sured  using  the  three  406  546 nm  filters  when  tested  in 
their  normal  positions  was  0.599.  We  see  again  that  the 
wavelength  averaged  in  their  “normal"  positions  is 
equivalent  to  the  position  average  of  the  406  or  436  nm 
filters  even  though  there  has  been  133  million  joules 
additional  input  to  the  flashlamp  compared  to  when 
the  data  of  Table  2  were  obtained 
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I  ii*  I  Variation  of  degradation  lamp  No.  2  output  as  a  lunction  of 
wavelength  and  total  input  energy  Curves  1*4-40(1  mil.  |M-4.*ftnn». 
1*2  '4(> nm.  and  Pl-"()f>nm  are  values  relative  to  measurements  on 
the  new  lamp  measured  at  post  ions  I  4  at  the  indicated  wave¬ 
lengths.  respectivelv  <  urve  I  l-4^6nm  results  from  similar  measure¬ 
ments  obtained  using  flash  lamp  No.  I  with  the  light  pipe  4V>nm 
filtei  sensor  svstem  placed  near  the  center  of  the  lamp 
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2.4  Chanc/e  in  Optical  Factor 

thf  relative  output  measured  by  the  436 nm  filter  for 
lamp  No.  I  along  with  relative  values  of  all  four 
wavelengths  for  lamp  No  2  are  shown  in  Fig.  I.  Hie 
average  relative  output  of  the  three  lower  wavelength 
filters  was  elose  to  0.60  for  a  major  portion  of  its  useful 
lifetime  W  hen  lamp  No.  2  made  a  rise  in  output 
followed  by  a  rapid  drop,  we  felt  it  was  time  to  remove 
it  from  service  Similarly,  when  the  output  of  lamp 
No,  I  began  to  drop  rapidly,  we  removed  it  from 
service,  l  amp  No.  I  showed  a  uniform  brown  colored 
deposit  while  lamp  No.  2  showed  a  distinctly  heavier 
brown  coloration  near  the  cathode  end  of  the  lamp. 

2  3  Comparison  of  Depravation  Constants 
ot  the  1)1. -10Y  and  the  N-S5K 

Since  Ihe  N-85IC  has  a  sufficiently  short  pulse  to  be 
used  as  a  dye  laser  pump  source,  it  is  not  necessary  that 
its  dve  degradation  characteristics  be  identical  to  those 
of  the  III  - 1 0  V .  However,  since  the  total  input  energies 
of  the  two  lamps  are  added,  it  is  desirable  that  the 
degradation  be  similar  for  short-lived  dyes.  For  long- 
lived  dyes,  the  majority  of  the  input  energy  is  provided 
by  the  N-85IC  so  that  the  energy  input  of  the  DL-IOY 
is  negligible.  Since  one  of  the  objectives  in  the  use  of  a 


separate  degradation  flashlamp  is  not  to  degrade  the 
output-testing  system,  a  comparison  between  the  two 
flashlamp  is  limited  consequently  to  short-lived 
dyes. 

Table  3  compares  lifetime  constants  for  I.D-490  under 
a  variety  of  conditions.  Kxcept  for  methanol  under 
oxygen,  the  average  lifetime  constants  are  somewhat 
higher  when  the  degradation  lamp  is  used.  One  of  the 
problems  that  is  encountered  in  obtaining  repro¬ 
ducible  results,  besides  the  varying  optical  factor,  is 
that  the  degradation  equations  do  not  fit  the  initial 
portion  of  any  coumarin  dye.  This  problem  can  be  seen 
m  Fig.  2  where  a  rapid  drop  is  seen  at  the  very  start  of 
the  run  This  rapid  drop  can  he  explained  in  terms  of 
the  reaction  kinetics  where  one  of  the  initial  photodeg- 
radation  products  has  a  small  absorbance  at  the 
lasing  wavelength  [  19],  A  better  fit  to  the  degradation 
equations  is  consequently  obtained  where  this  initial 
drop  is  excluded  from  the  calculations. 

2.6.  Effect  of  (Drcr  Oa.s  l  pan  Laser  Constants 

I  able  4  presents  representative  data  showing  the  ef¬ 
fects  of  oxygen,  air  and  argon  upon  the  lasing  con¬ 
stants  of  |4|  for  a  number  of  dyes  The  slowly  degrad¬ 
ing  output  of  a  dye  laser  measured  with  different  input 
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cuetgics  has  Inn  licit  precision  in  (lie  determination  ol 
l he  constants  < >1  1 4 )  I  his  is  particularly  true  since  the 
determination  ol  both  k,,  .nut  are  interrelated  I  he 
overall  picture  of  ihe  ilaia  in  I  able  4.  however,  shows  a 
ilistinct  I  rend  towarils  oxygen  quenching  of  ihe  laser 
otilptu  of  Ihe  counwrin  rives  I  Ins  observalion  is 
reinforced  since  ihe  more  accurate  measurement  of  ihe 
fluorescence  quantum  yields  of  coumarm  dves  show  a 
distinct  quenching  by  oxygen  [17). 


.4.  Discussion 

a.  /  fhynit/tiiiiiii  /.mu/’  ( ' harm-wrist ii  s 

Ihe  variation  in  the  output  of  degradation  llashlamp 
N-X5 1  - WC '  with  wavelength,  position  on  the  lamp,  and 
total  input  energy  shows  the  necessity  of  the  use  of  an 
optical  correction  factor  in  the  measurement  of  dye 
lifetime.  Comparison  of  the  436 nm  filter  outputs  m 
big  I  as  well  as  the  visual  observation  of  the  lamps 
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aflct  ii vi jit1  indicates  ih. il  vavh  lamp  changes  somculi.it 
dilieicmlv  lor  llK'  sank’  value  of  the  total  input  energy 
Since  the  energy  absorbed  by  the  dye  occurs  over  a 
range  of  wavelengths,  a  single  optical  factor  is  only  an 
approximation.  I  he  error  introduced  by  tilts  approxi¬ 
mation  is  small,  however,  compared  to  the  10'  range  of 
lifetime  constants  that  can  be  measured  with  our 
sv  stem 

The  results  of  Tables  I  and  2  along  w  ith  lag.  I  certainly 
raise  questions  concerning  the  actual  change  m  light 
output  that  occurs  in  a  flashlamp  where  an  optical 
filter  is  not  employed  Statements  made  concerning  the 
relative  changes  m  the  output  of  a  llaxhlamp  should 
both  indicate  the  wavelengths  and  examine  the  past 
history  of  the  lamp  both  lamps.  Nos.  I  and  2.  show 
very  stable  outputs  after  thev  have  been  used  a  short 
period  of  time  lests  performed  on  a  lamp  that  had 
been  previously  "burned-m"  by  a  small  amount  of 
preliminary  operation  would  consequently  present  a 
markedly  smaller  degradation  rate  than  would  an 
unused  lamp.  Similarly,  a  detector  that  was  more 
sensitive  to  the  near-infrared  could  show  a  negligible 
change  in  lamp  output  compared  to  the  real  changes 
occurring  at  the  wavelengths  where  the  dye  is  being 
pumped. 

3.3.  Hlh'ii  i>l  l’m  \  Hiller 

The  ratios  of  the  I  ( )M's  of  the  lives  under  air  to  values 
calculated  from  the  data  from  j  II  )  and  (24).  Kpnvi. 
are  shown  in  I  able  5.  I  veil  though  the  operational 
comparison  between  coaxial  laser  outputs  with  tnaxial 
is  dependent  upon  the  relative  temperatures  of  the  dye 
and  the  coolant  o|  the  tnaxial.  there  is  no  doubt  that 
the  use  of  a  I’yrex  filter  makes  a  significant  improve¬ 
ment  in  the  TOM  I  his  value  is  only  2-lold  for  cotima- 
rm  102.  but  is  as  high  as  I bt)0-fold  tor  rhodamme  M  i 

3  3  I'.lhii  a  I  0\  wicn 

In  contrast  to  the  statement  by  Schimitschek  el  al 
[  1 4 j.  it  is  obvious  that  the  presence  of  air  makes  a 
distinct  effect  upon  both  the  output  and  the  lifetime  of 
coumarm  dyes  Toi  those  coumarin  dves  tested  here 
that  lase  below  500  nm.  the  removal  of  oxygen  not  only 
improves  the  laser  output  bv  increasing  the  value  ol  A 
and  or  lowering  r„.  but  markedly  increases  the  value  of 
the  lifetime  constants  I  <  I  he  dyes.  (  SI  and  coumarm 
153.  however,  show  an  increase  m  lilelime  under  an 
Since  these  dyes  have  been  red-shifted  compared  to  the 
dyes  lasing  below  500 nm.  their  S,*-  \n  electronic 
transitions  have  obviously  been  reduced  If  their  triplet 
energy  level.  /,  has  remained  fixed  or  lowered  to  a 
reduced  degree,  the  red-shifting  can  be  considered  to 
bring  the  N,  and  levels  closer  to  each  other  which  in 
turn  will  facilitate  intersystem  crossing  It  is  possible  to 
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conclude  that  the  chemically  reactive  triplet  state  f  16). 
which  is  readily  quenched  by  oxygen,  is  produced 
easier  by  the  red-shifted  coumarm  dyes,  and  that  the 
presence  ol  some  oxygen  will  in  turn  yield  a  longer 
laser  lifetime  lor  these  dyes.  Since,  as  is  shown  in 
I  ables4and  5.  the  presence  of  pure  oxygen  produces  a 
smaller  lifetime  constant  than  in  air.  there  is  no  doubt 
dial  a  specific  concentration  of  oxygen  is  needed  tv' 
optimize  the  lifetime  of  each  of  these  red-shifted  cou- 
martn  dyes. 

As  can  he  seen  in  I  able  4  and  the  ratio  of  TOM  under 
argon  ratio  H  )M(air)  values  of  Table  5.  except  for  the 
red-shifted  dyes.  (NT  and  coumarin  153.  the  removal 
of  air  makes  a  5-to-K  fold  improvement  m  TDM's  of 
the  coumarin  dyes  and  doubles  that  of  rhodamme 
n(  i 

We  had  previously  reported  that  both  KH)"..  oxvgen 
and  the  complete  removal  of  oxygen  was  deleterious  to 
the  lifetime  of  coumarm  dyes  [15].  In  the  presence  of  a 
i’yrex  uv  filter,  upper  singlet  states  are  protected  from 
single  photon  excitation  and  as  shown  in  1  able  5.  m 
many  cases,  the  lifetime  of  coumarm  dyes  is  unproved 
by  the  removal  of  oxygen  It  is  assumed  th.it  m- 
icisysiem  crossing  to  the  reactive  triplet  stale  is  ic- 
duccd  by  the  limitation  of  singlet  slates  to  the  lower 
levels  by  means  of  i he  I’y  rex  uv  filter 

.'4  (  I’nlhi  li  in  RhuJii/nwi'  Mi  Hih  time  hnpro) rwaws 

Knyazev  et  al  |  l()|.  reported  no  change  in  the  lifetime 
ol  rhodamme  Mi  in  ethanol  under  air  when  a  uv  filter 
was  used  Since  these  workers  used  the  number  of 
Hashes  as  a  measure  of  lifetime,  which  has  been  shown 
to  be  a  poor  measurement  [IK],  it  is  not  possible  tv' 
directly  compare  their  results  with  those  of  our  present 
study  It  should  be  noted,  however,  that  they  were 
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iMne  a  v  e  r  v  lone  pulse  width  of  7llps  f  UMM  as 
opposed  ihe  1  4  used  in  this  siikh  ll  is  quite 
possible  lh.it  Heuehum  •'!  the  dve  max  h.i\e  been  the 
maioi  deeiaduie  lactoi  in  then  studv  I  hev  proposed  a 
maioi  improvement  in  the  1 1 lei i me  of  rliml. mime  M  i 
llnoueli  the  tise  ol  -- pi . >p.i m >1  in  place  of  ethanol  in 
this  labor. non.  the  liletnne  constants  obtained  in  the 
two  solvents  niulet  nieon  are  comparable,  with  a  lovvei 
C , .  IoiiihI  when  ?-propaiioi  was  used  as  the  solvent. 


4.  (  (inclusions 

I  lie  use  ol  a  seleeted-vvavelcneth-momlored  deera- 
vialion  n.ishlainp  allows  the  determination  ol  a  lifetime 
sonstau'i  ol  a  dve  solution  Ihe  use  of  Pviex  to  liltei 
hell!  below  slid nn;  is  found  to  make  from  slmlil 
icotimatin  I  ( >2  under  airllo  diumatk  lihodamiite  Mi 
under  areom  improvements  m  the  operatme  charac¬ 
teristics  ol  the  dve  laser  I  he  use  ol  such  a  liltei  is 
recommended  wherever  stable  output  is  needed  from 
a  flashlamp  pumped  dve  laser  Ihe  coumarm  dses 
showed  an  improved  output  hv  the  removal  ol  oxvecn 
when  a  I’vrex  liltei  is  present,  but  the  red-slutted 
eoumatin  rives  had  a  lareer  lifetime  eonstant  under  an 
Pure  oxveen.  on  the  olltei  hand,  wave  onlv  30",.  of  the 
1  (  )\t's  eompared  to  air  as  the  eovei  eas 

I.  *»!('■.»  <1  ni  '  I  liKil’^ul  sl(pp«Ml  It  >|  this  V..»rk  Item  the 

ViIumm*  Vs‘f«  'fi.id’ix  .  .im<!  S|  a« .  >iln))i)isj/.it!,i«j  .ititi  i  Ik-  |  lei  tr  onus 
M  r  n.t'  •(.'t.tui  •  *  tv.  vs  :..ti  Kt>i\iuh  I  ,ih.«t.itoi  \  is  L’l.itihilK 
I k  * '  1  ;  i  \S  •  M  n  ■ 't  \1  I  I’lCtl.lk  .is  Well  .is 

•ti  s  t*s  :  Ai'l:  R  H  kiape  «'l  ihiN  l.ihot.it<M\  helped  to  make  f h rs 

stilsl'v  p('NN. hi.. 
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Luminescent  Coolants  for  Solid-State  Lasers 
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Xbslracl.  Solutions  ol  I  '  lluoreseeni  dyes  lta\e  been  used  as  energy  inut'lei  agents  in  place 
o|  the  normal  coolant  ol  a  \d-V  \(  i  laset  Dye  mixtures  were  used  lit  a  lew  cases  where 
incomplete  ahsotpiion  ol  llashlamp  pump  energy  was  observed  Improvemenis  ol  oxer 
Ittn  m  laser  output  were  observed  for  some  dyes  hax  mg  a  long  Stokes  shift  w hen  tested  at 
boih  a  low-input  cnergx  and  a  low-puke  rate  llovvexer.  the  absolute  improvement  tn  laser 
output  for  these  dye  solutions  was  small,  and  the  improvement  could  be  obtained  almost  a> 
well  In  merely  meieasing  the  puke  rale.  Various  factors  associated  with  the  effectiveness  of 
traitsler-dye  solutions  are  discussed 


|»  \(  S:  "S  M).  M  s.  s:  50 

I  he  presence  of  a  fluoicsvcni  vlxe  m  the  lti|uul  coolant 
ol  a  solid-stale  laset  can  both  serxe  to  pioicct  the 
lasci  iod  Irom  harmful  shoii  wavelength  lavlialion  as 
well  -is  ic-cnut  unused  cnctgy  from  the  llashlamp  al 
the  pump  banils  ol  tile  rod  Improvements  m  laset 
output  as  high  as  I  kr  have  been  teporied  llnough 
I  he  use  of  such  lummesceni  energy-transfer  dye  so¬ 
lutions  |  I  | 

I  hei c  aie  a  number  ol  parameters  that  determine 
vv  h  e  I  he  i  an  improvement  m  laser  output  will  be  obtain¬ 
ed  through  the  use  ol  a  luminescent  licpnd  filter  Ihc 
transfer  of  light  from  the  llashlamp  to  the  dye  solu¬ 
tion  is  dependent  upon  lire  coiicenlralion  and  molai 
absorptiv  ity  of  the  dye.  as  well  as  ihc  path  length,  when 
the  dve  solution  is  m  direct  contact  with  the  Hash- 
lamp  II  the  dye  solution  is  used  only  as  a  fillet  mound 
the  rod  then  t he  reflectivity,  as  well  as  the  design  ol 
the  walk  of  the  laser  cavity  become  of  importance  In 
geneial.  one  would  like  to  be  able  to  raise  the  concen¬ 
tration  < >1  the  dye  to  the  extent  needed  so  that  al  least 
'to  ol  the  light  Irom  the  llashlamp  is  absorbed  at  all 
wavelengths  below  a  ma|or  pump  band  of  Ihc  rod  In 
practice,  solubihtv  and  low  molar  absorptivilv  limit 
the  ability  to  absorb  all  of  the  desired  lamp  emission. 

A  major  consideration  ol  the  effectiveness  ol’un  energy 
tr. msler  dye  solution  to  improve  the  output  of  a  solid 
stntv  laser  are  the  factors  affecting  the  loss  ol  direct 
lamp  to-rod  emission  Since  the  fluorescing  dve  solu¬ 


tion  emits  m  all  directions,  at  ieasi  hall  ot  the  light 
absorbed  by  the  dye  that  would  have  othervv  oe  pump¬ 
ed  the  1 1  'cl  is  h'si  through  rc-ahsor pi  ion  In  the  Hash- 
lamp  In  addition,  there  are  internal  energy  losses 
within  the  dve  due  to  fluorescent  c|uantum  yields 
being  less  than  100".  Since  the  lluorcsceiit  emission 
bands  from  most  dyes  are  quite  broad.  I  he  re-emitted 
light  will  seldom  have  an  exact  1,1  correspondence 
to  the  pump  bands  of  the  rod.  In  addition,  the  absorp¬ 
tion  of  the  rod  al  the  wavelengths  of  emission  ol  the 
dye  must  be  00  0')".  if  effective  use  is  to  be  made  of 
the  fluorescence  of  the  dye  I  Inis,  significant  teduc- 
lions  ol  laser  output  can  ocelli  where  ahsotpiion  ol 
an  energy-transfer  dye  solution  occurs  at  wavelengths 
of  direct  lamp-io-rod  energy  transfei 
I  lie  purpose  of  the  piescnt  study  was  to  determine 
whether  hroad-absorpiton-band  lives  having  minimal 
absorption  at  pump  bands  would  he  supenoi  to  dxes 
previously  tested  hv  others  when  used  as  a  coolant  loi 
Nd-5  At  i  lasers  j  I  4]  In  oidei  lo  mciease  the  width 
ol  the  absorption  bands  ol  good  fluorescing  dves,  we 
had  planned  lo  link  one  lluoicsccnt  dve  tdonori  to  a 
good  lluorescmg  dye  lacccptorl  wuh  an  insulating  i 1 1 1 k 
Schaler  and  covvorkeis  |  \  n  ]  have  repot  ted  that  such 
combinations  of  dyes  iwherc  the  lluoiesccnce  ol  the 
donor  matches  the  absorbance  ol  the  acvepioi  I  yield 
dyes  having  additive  absorptivity  with  csseiitiallx  the 
same  fluorescing  (and  lasingl  characteristics  of  the  ac- 
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v  cptor  dec  alone.  Since  Mich  bifluoi  ophonc  decs  some¬ 
time'  e  icld  tun  ifiMinct  I’liiiuiou  hands  ulicn  (he  crier 
;’V  tr.mslei  is  not  died I  e  c.  ue  tric'd  to  obtain  Hi  11  n» >i « >- 
phone  il>es  uith  a  single  emission  band.  le.  a  In 
chtomophorte  live  uilli  emission  centered  at  a  selected 
wavelength  In  practice,  we  found  (for  the  purposes  ol 
tins  simJ\ j  that  pxra/olmc  dees  with  then  high  molai 
ahsoiptivnc  and  high  soluhiliie  were  easier  to  sen- 
t  he  a/e  and  use  than  weie  the  hiehromophoi  ic  dees 
Similar le .  mixed  dees  leeheie  both  had  emission  m  the 
i.nget  legion  o|  s  | < j  s*/< 1 1 1 n 1 1  cede  louud  to  v  iclil 
slightiv  higher  output  than  one  dee  alone.  Since  both 
dees  ee.uild  be  emitting  at  the  target  eeaeelength.  the 
usual  ptoblem  ol  one  dee  lobbing  pump  cnerge  hour 
the  otliei  was  not  a  significant  factor  iso  long  as  both 
dees  had  comparable  fluorescence  quantum  eieldsi 
In  i  Ik  com  se  i  a  the  stude .  ee  e  discoectcd  that  I  he  pulse 
late  made  a  marked  died  upon  the  impioeemenl  that 
ee,.s  obscieeil  thioagh  the  Use  ol  enetge  lianslei  dees 
ai  io\i  aceiage  power  input  I’leuous  studies  eon 
dined  with  ilk  use  oi  cnerge  iruuslcr  dees  made  no 
i dei ence  to  l  lie  pulse  rate  at  w  Inch  then  measurements 
w etc  made  1  l  4  • 

I.  (experimental 

/  I  /.i/m  r  (  luir, a  I,  n\lu  s 

\  \\  I  (  *  (  orpoiaiion  model  \\  "TO  A  Nd  *1  \(  . 
la  se  i  ve  as  used  to  ee  .dilate  the  ile  cs  ol  tins  i  epoi  t  I  ee  o 
fl.islil.imp  [udsevc idths  vveic'  used  ,A  shoit  pulse  ol 
4o  ps  .uni  a  I  ''O-ps  long  pulse  at  Itill-ee  idlh  half ’-maxi¬ 


mum  I  he  baseline  eeidths  ol  these  teeo  pulses  eeete  b() 
and  J  's  [i s,  respect i\  eh  I  iasli la mp  inputs  below  1 1 1 .1 
eeeie  made  eeilh  the  shoit  pulse.  Il.ishlamp  inputs  Id  I 
and  higher  eeeie  made  with  the  long  pulse  I  he  mm 
(2  25  inch i  long.  <->.35  mm  (0.25  inch i  diameter  VI- 
A  \(  i  l.isei  iod  eeas  jacketed  be  an  II  nun  outside 
diameter  puce  tube  leaving  a  I .3  iitm-anmilai  space 
lot  the  lloev  ol  coolant  1  he  I  to  and  (i  I  Y33C  2 
xcnon-lillcd  llashl.i mp  was  <e  mm  in  outside  diameter 
and  was  picketed  with  a  I  '  mm  outsidc-duuncici 
pi  rex  tube  leaving  2.5  mm-auiuil.tr  space'  foi  the  How 
ol  coolant  I  lie  separation  ol  the  eentci  line  ol  the 
lam|'  lo  the  eenlet  line  ol  the  rod  was  I')  I  nun 
Id  3  inch l  I  he  ends  ol  the  l.isei  toil  eeete  flat-ll.it 
piano-parallel  with  .oiti-tetlcvlion  coalings  I  lie  out¬ 
put  mirror  eeas  ilat-ll.it  eeith  one  side  haeing  an  anti 
relleetion  coating  and  t  lie  othci  1  idled  le  it  v  coat¬ 
ing  It  eeas  separated  30 cm  lioni  a  |0-mdci  radius 
tear  mirroi  I  he  iod.  lamp,  and  di  e  sileci- 
pi. iteil  metal -lellectoi  caeite  all  had  then  own  indiei- 
dual  cooling  supplies  I  lie  coolants  eeeie  held  to  2" 
5  (  I  \  (iica lie .  |  s  I  lioeeing  at  I  '>  I  pci  minute  veas 
used  lot  the  solution  cooling  the  lamp  or  the  lamp  rod 
combination.  I  he  dee  solution  was  lloeeed  through 
a  10  pm  pore-si/e  poiepropelene  liltci  lo  icntoec  bub¬ 
bles 

A  IVt  kin  I  I  me  i  Model  44- H  lluoiesccncc  spccOo 
pholomctci  eeith  output  corrected  lot  lamp  output 
and  detector  i espouse  eeas  used  to  measure  excitation 
and  fluorescence  speclia  Relaliec  fluorescence  quan- 
tum  eiclds  were  determined  using  quinine  sulfate  m 
I  0  N  1 1  .St  )4  as  standard 
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/  \/i  .  I  'll!  i  Ill  s 

\  t  ,|sel  I’l  .  I  |s|al]  III.  >dv  l  R  i  '.'till  I.IsllomC’.Cl  W.ls  llssd 
w  1 1 1)  i  Ik  ji  I  .in  pv  1 1  n'U  \  1 1  k  . !.  i c.  (> .  t  I. '  .  ihl.i  in  tlit1  it.  i  i 

UK  USUI  Cllls'l  I  I  s  ,  .|  tile  l.lsv  I  output  I  .M  IllCUslM  s'llls'lll  s 

a l  Mi  1 1/  ami  highvt .  the  unci api  aecssai  .>1  iIk-  Ki -"21  hi 
was  uses!  in  a  vet  age  Miu  mcasuiemcnts  \i  slawci 
tales.  (lie  mis  r.  iprasoss.  >t  u.r*  used  to  .Ms'J.igc  gianps 
at  lu  mc.isin ements  I  i>i  shall  pulses,  a  mmmiimi  al 
three  sels  a|  Id  measurements  aieli  were  made  al  llie 
rates  below  lull/  in  the  scs|ucnsc  at  increasing  input 
cneiev  lilts  set  al  three  was  then  repoatcsl  a  ssvattsl 
time  Smee  it  was  passible  to  exceed  the  reeammeiuleil 
ratine  al  the  p\ t aeleeti  ie  detector.  an  attemi.ilian  III- 
lei  was  usu.ilk  placed  between  the  lasei  and  the  tic 
teetai  I  he  iactar  lor  the  111  let  was  determined  b\  the 
lalta  al  the  w  ith-  anti  w  tlhaul  lilter  using  the  R|-~20l> 
sligital  teadaut 

I  he  pereent  change  caused  bv  the  use  at  a  dvc  in  a 
sal.ent  was  calculated  with  respect  ta  avciagc  values 
a  I  the  sal  veil  I  an  I  v  tiviited.u.i .  'bt.iinevl  belare  and  altet 
the  speulie  live  lest  live  dvc  test  consisted  at  the 
v  a  l  lau  s  i  a  Is'  effects,  if  (csted.  as  well  as  l  he  cl  led  .  'I  1  he 
ditleienl  input  etiei sates  at  the  twa  dilleietit  pulse 
widths  W  hen  twa  she'  were  being  testevl.  the  salvenl 
was  testevl  lust  Wlci  testing  al  the  hist  dve  vvas  com¬ 
pleted.  the  secem.1  dvc  was  then  added  atul  (he  testing 
resumes!  \ltci  eatnplelian  at  testate  al  the  second  dvc. 
the  solvent  alone  was  evaluated 

2.  Results  and  Discussion 

/  Du  <  luir.ii  It  inn,  v 

I  able  I  lists  the  I  '  lives  that  wciv  used  ill  this  studv 
al.me  w  ii  h  same  at  then  spev  ti  al  s  hat  as  (ensues  Man  v 
"1  these  lives  It.ivi  been  useu  pievi.  usls  as  laset  dves 
|"  s  ,  W  e  make  Use  at  ti  iv  i.d  name'  lot  lltepuipase 
at  lapid.  paspive  idem  llls.il  ion  in  p' etc!  elite  I"  tile 
male  ev.iil  but  ienelhv  vhentis.il  names  .|  the  slves 
(  II  v.'tiisi  we  iii'iii  that  tltesi  names  van  be  Hast'd 
eilliel  la  I  lie  st;  us  I  hi  e  I  lie  dvc  oj  the  so  tits  e  at  s  am 
insist. ills  av.nlabls  dves  I  igmc  !  shows  t  he  sit  tie  tin  e 
at  those  dves  that  wets  spes  flisullv  svnlhesi/ed  lot 
tins  sttidv  I  heNa  '  at  I  ig  I  was  tlie  anlv  biehiama 
phaiis  dve  that  wav  prepared  m  snf/reieril  s|u.mtitv  to 
allow  testing  1 1  u  lai  med  using  lluaieseem  1 1  )ve  \a  (> 
al  |  able  I  l  as  the  asseptai  and  a  pvia/ahne  as  the 

ilanat  I  nlat  tnnateiv .  Dve  No  ’  did  not  show  |iis| 

the  lluai  essence  I|ua  It  I  lint  v  ieid  I  a  mill  lot  the  asseptai 
alone  in  walci  In  vvatei  wlieie  pvia/almes  are  known 
to  have  ledused  lluai  essence  s|nanliiin  vields  |d|. 
ills  lluai  eseense  spiantum  vield  al  Dve  No  ’  was 

laund  la  be  less  than  that  in  ethanol,  ie  .  the  danat 

atul  asseptai  aie  still  interacting  with  each  alhei 
eleeUamcallv 


Oye  3  Cournarin  6BF 


Dye  4  Cournarin  7BF 
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Dye  7  Na2FP 


Dye  10  Pyrazoline  2 


CN 


J 


N  -  N 


(1 


1  'i;  l  si  i  us  Inis'  .  >1  .is  s's  s\  luhs'si/c.t  |.  n  ill  is  pi .  terani 


3  I. Ileii  t>l  I’ulse  Rtilc  mid  Ha\hlump  l.miiliHii 

I  he  c  fleets  at  heating  of  the  rod  through  an  increase 
m  the  average  power  tire  quite  evident  in  fable  2. 
I  he  output  per  pulse  is  seen  to  increase  as  the  pulse 
late  increases  for  a  "fixed"  input  'nergv  This  effect 
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!>  most  sigmlii.int  ai  low  input  eneigies  \i  .1  and 
Inghei  miMil  only  a  iu h l  increase  is  observed 

bv  iikK'.Niii;  the  pulse  inti-  Since  we  set  out  voltage 
I'M  I h L-  CllVIgV  ICipillcd  I'M  J llvl  one  pulse  till  OUlptll 
|Vi  pulse  tl, ops  at  l ho  Inghei  nvciage  input  energies. 
I  Ins  is  no  ilt ml>t  il tii-  to  l Ik-  liiinl.il, mis  id  | Ik-  power 
'iippi>  sum-  the  average  voltage  measured  is  lowered 
at  tin-  Inghei  pulse  rates.  iv..  the  actual  in  pul  energy 
ii"  doubt  decreases  somewhat  as  tin-  repetition  rale 
increases  Since  out  primary  mlcresi  was  to  measure 
the  effect  "I  the  dve.  we  did  not  eorreet  lor  the  limit. t- 
1 1> Mis  "I  the  power  supple 

I  lie  measured  me, ease  in  the  output  ol  the  laser  due 
to  the  inti  oil  net  ion  olds  e  aie  shown  in  I  able  '  lot  the 
dve  p\ lu/ohne- 2  I  lie  mere.ise  is  niueli  less  ilepeiulent 
upon  the  pulse  tale  loi  a  given  input  energy  than  found 
loi  the  solvent  alone  Vciv  large  perce, Have  imr eases 
ale  louml  ill  I  able  4  loi  the  low  average  powei  input. 
I  In-  unpiovenieni  tine  lo  ihe  the  is  Inghlv  magnified 
beiause  ol  the  nun  1 1  ledueed  output  ol  the  eool  lasei 
toil  with  no  dee  pi esent  (  hie  must  eonsei|uenlly  com 
p.ue  at  least  ~  .1  input  lesiilts  (loi  two  sysicmsi  in  oidei 
t"  determine  the  elleits  n|  il 1 1 lc i en l  concentrations 
ami  dees  Because  ol  these  complicating  rate  anel  in 
put  energy  elleets.  the  usual  slope  efficiencies  and 
lasing  threshold  were  not  ealetilaleil  in  this  sludv 
\  oilop  eanoe  and  eoworkers  have  reported  that  a 
hi improvement  in  output  should  be  expeeted  lor 
'sd-'t  A(l  tismg  rhodnnnne  ,  as  an  energy  converter 


il  the  diseltarge  power  of  the  /l;tshlam(i  w;is  hi  the 
i.inge  ol  I  1.5  \1W  env'  |  I  |.  I  hey  .list,  indicate  that 
a  short  pulse  on  the  order  ol  10(1  ps  is  superior  to 
conversion  found  lor  a  long  250  ps  pulse  Our  maxi- 
inuni  power  densite  was  0.25  MW  em*.  and  we  ob¬ 
served  a  maximum  percent  improvement  for  rhod- 
annne  (>CI  in  the  lange  of  S  10",,  l  iable  4|.  I  his  im¬ 
provement  agrees  ipntc  eloselv  with  that  predieted  bv 
Vodopyanov  and  eoworkers.  We  also  observed  im¬ 
proved  outputs  for  tlte  shorter  pulses  as  compared  to 
the  longer  for  all  of  the  dees  that  we  tested 


2  Ijlci  i  ol  Du  (  in a  ■cm  ml  ton 

As  tlie  eoneentration  ol  the  dve  solution  increases,  a 
number  ol  effects  occur  Ihe  first  involves  the  in¬ 
creased  amount  ol  pumphght  that  is  absorbed  bv  the 
live  due  to  the  Beci -1  ambert  relationship 

ii  .  In  .  (I  l 

where  u  is  the  absorbance  ol  the  dve,  is  the  molar 
absorbance  eoellicienl  at  a  specific  wavelength,  and 
i  is  the  molar  concentration.  When  the  absorbance  of 
the  dve  reaches  the  value  of  2.  then  bd"„  of  the  input 
light  is  absorbed,  f  or  dyes  having  higher  molar  ab¬ 
sorbance.  the  thickness  h  of  the  dve  can  be  propor¬ 
tionately  reduced  1  he  second  factor  that  is  of  impor¬ 
tance  is  where  the  light  is  absorbed  I  or  the  ease  of 
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the  live  surrounding  I  he  lamp,  u  is  necessary  lot  the 
i ma ae  oi  i he  fluorescing  dye  solution  to  he  iraiisler- 
i eel  to  I  lie  rod.  II  the  image  of  the  dye  solution  is  much 
larger  than  the  si/e  of  the  rod.  the  l  ra  lisle  i  will  he  ineffi¬ 
cient.  Iluis.  even  though  W'.,  of  the  light  at  a  given 
wavelength  is  being  absorbed,  increasing  the  concent  ra¬ 
tion  can  still  cause  an  improvement  m  the  location  of 
tile  fluorescing  portion  of  the  dve  I  he  concentration 
ol  the  dve  cannot  be  increased  without  impunity, 
however  Not  only  is  there  a  solubility  limitation,  but 
dve  self-association  and  concentration  quenching  of 
evened  stales  |  ll)|  will  limit  the  efficiency  ol  fluores¬ 
cence  As  seen  ill  I  able  V  py  ra/ohrie-2  can  be  in¬ 
creased  up  to  It)  '  molar  with  increasing  improve¬ 
ments  m  energv  translei . 

5  4  /./hi  t  a  I  Hiinil  Rohhiihi 

I  he  ellects  ol  the  dve  robbing  energv  Irom  the  rod 
through  absorption  ol  energv  at  a  nui|or  rod  pump¬ 
ing  hand  can  he  seen  in  (able  5  I  he  absorption  o| 
iliod. inline  Mi  in  ethanol  peaks  at  530  mil.  a  maior 
Nd-YAli  absorption  band  low  concentrations  of 


I  .it'k  N  I’cKs'itl  ch.miiv  m  i.im.1  i  'it  I  pi:  i  uMnc  r  It.  Hj.tmim  Mi  it 
slluim  >1 

I  Kv  coiuciHi.ilion  Inpui  vner i:>  |  1  j 
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II  '  S  5  s 
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ihodamine  bCi  make  a  major  decrease  in  the  energv 
liaiisfci  since  there  is  insufficient  light  being  al  orbed 
In  the  dve  to  pump  effectively  the  5Mlnni  banu  N  et. 
the  direct  lamp-to-530  band  is  being  robbed  ol  energv 
In  the  dve  W  hen  the  effective  thickness  of  the  dve  is 
increased  by  flowing  past  both  the  rod  and  the  lamp, 
the  greatest  percentage  ol  losses  occur.  Because  ol 
poor  reflectivity  of  the  cavity  in  the  uv  (and  because 
of  the  smaller  thickness  of  the  dve  solution  around  the 
rod),  onlv  losses  were  found  for  rhodanimc  b  1 1  around 
the  rod  I  he  greatest  overall  improvements  are  seen 
lor  rhodannne  6  (i  flowing  just  around  the  lamp  W  nil 
increasing  concentration,  the  increased  overall  light 
absorption  is  countered  bv  the  effects  of  the  band  lob¬ 
bing.  I  or  the  dve  that  is  just  around  the  lamp,  the 
overall  light  absorption  less  the  hand  robbing  is  im¬ 
proved  compared  to  live  solution  around  both  the 
lamp  and  the  rod  I  or  dyes  having  negligible  absorp¬ 
tion  al  wavelengths  greater  than  5(H)  ntn.  the  tv  pc  ol 
loss  seen  in  I  able  5  at  low  input  energies  is  greatly 
reduced  An  example  of  this  is  seen  in  pvra/olinv-2  in 
I  able  4 

3.5  /.//oi /.x  of  Dilh  rcni  Dies 

I  able  h  shows  the  percent  improvements  observed  for 
a  variety  of  dves.  many  of  which  have  not  been  previ¬ 
ously  tested  lor  energv  translei  Dves  such  as  pv  retie- 1 
and  brilliant  sulphallav me  suffer  by  having  both 
limited  solubility  and  molar  absorptivity  I  ormitig  the 
butterfly  configuration  on  coumarin  b  land  7).  eouma- 
iin  b  III  .  shown  m  I  ig  I.  shifts  the  fluorescence  emis¬ 
sion  towards  the  red  and  yields  a  bettei  match  with 
die  Nd-YA<i  pump  bands  l  nfortunalely.  the  solubi¬ 
lity  of  coumarin  6  HI  m  ethanol  is  lower  than  that  ol 
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I  mililli'ulll  <  » ’  >  *  l  *  l  ■  i  s  t.M  S.'llct  SI.IU’  I  .MT' 

the  absoi  |Mi. >n  el  tlu  pump  light  Rhodamine  till. 
Int  example  i'  known  in  dispioporlioiiale  through 
lolhsion  i'l  t\i i ifil  stall  molecules  lesiilting  in  tin 
li't  iiuliiin  el  a  ladical  cation  anil  a  radical  aninii  |  I  I  | 

I  lii'sc  radical  species  hare  then  own  distinct  absorp¬ 
tion  \\ h ii h  max  last  as  lone  as  milliseconds 
I  lie  one  hieltronioplioi  ic  die  tested  that  was  made 
1 1 1’ m  linking  fluorescein  mill  a  pira/ohnc.  Na  l  I’, 
was  tested  m  water  in  tile  absence  ol  base  since  out 
tests  on  fluorescein  showed  these  conditions  to  he  op¬ 
timum  Id i  energi  traiislei  I  nloi tiinalch.  the  linkage 
l  ies  a  red  shift  resulting  in  band  robbing  ami  a  drop 
m  the  quantum  vivid  m  walei  liable  It 
I  lie  die  milling  the  best  energi  transfer  iti  om  sisivm 
was  ps i a /ol me- 2  in  ethanol  I  igurc  2  shows  that  the 
luioiesieiiie  i|iianliini  nelil  is  not  onli  moderate  at 
0.7  but  that  it  diops  maikvdli  at  increased  tempera 
tines  I  igun  '  shows  the  imitation  spectrum  anil 
emission  loi  pua/olme  2  Its  nil  broad  emission 
i.itises  a  ma|oi  portion  ol  its  fluorescence  to  miss  the 
pump-bands  o|  \d-S  \<  i 

Khod. inline  h  (  i  has  a  small  Stokes  slnll  and  eoiise 
it tii’ii 1 1 \  has  a  eoiistdi’iable  overlap  between  its  lino 
ii’sieiiie  and  its  .S  •  N,,  absoiplion  ba nil  When  used 
at  moileialelv  Inch  eoneeiitr.tlioiis.  the  effect  ne  band 
width  ol  ihodammc  f»  t  ■  fluoieseenee  is  much  nat 
tower  than  tor  most  organic  dies  resulting  ill  a  pood 
ihc-lo-lighl  lo-rod  cncigl  transfer  I  his  effective  nat 
row  bandwidth  effect  is  useful  onlv  for  those  dies 
haunt;  a  fluorescence  i|iiantum  vield  near  one  I  he 
multiple  absorption  rc-cmission  of  a  uie  w  ill)  i|iianium 
mills  much  less  than  one  causes  an  effective  reduction 
in  their  fluorescence  i|iiantum  nelds  |  10] 

2.  ft.  i.thi  i  "I  V/iit’i/  I) n  s 

In  this  stinli  we  used  more  than  one  die  loi  the  pm  - 
pose  id  Idling  in  areas  ol  poor  absorbance  As  can  be 
seen  in  I  able  I.  main  of  the  dies  liaie  such  la  rue 
Stokes  shills  that  tltev  will  loose  a  eonsideiable 
■  imotmt  ol  the  available  pump  energi  if  tlici  aie  con- 
ii'iilralion  limited  Our  purpose  was  eonsei|iienlli  not 
to  in  to  transfer  energi  from  one  die  to  .inothei  as 
we  chose  onlv  those  lives  that  had  significant  lluores- 
eenee  m  the  target  legion  ol  SIX)  ftOOnm  In  practice, 
the  mixed  lives  vield  onlv  slight  improvements  ovci 
the  single  dies  at  high  concentration 

3.  Conclusions 

I  lie  improvement  ol  solid-state  lasci  toil  output 
through  the  use  ol  die  solution  energi  conierleis  is 
ilcpendcnt  upon  a  vurieii  of  tailors  besides  the  need 
loi  high  fluorescence  i|uan!um  vields.  solubilui.  and 
mo  la  i  a  hso  i  pin  in  there  is  a  need  to  h.uc  the  absoi  p 
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non  bands  ol  the  die  not  overlap  the  muior  pump 
bands  of  the  rod.  In  particular,  the  fluorescence  emis¬ 
sion  bands  ol  most  dies  are  too  broad  and  conse- 
i|iientli  miss  a  major  portion  of  Nd-YA(  1  pump  bands. 
<  )tu  best  energi  transfer  results  were  found  to  he  with 
lives  such  as  pvra/olme-2  or  coumarm  b  whose  quan¬ 
tum  vields  uere  less  than  that  of  rhodamine  6(i  but 
whose  long  Stokes  shift  resulted  m  less  pump-band 
robbing.  In  addition,  self-absorption  of  rhodamine  6  (i 
mills  a  narroiici  apparent  emission  band  that  mat¬ 
ches  the  Nil -5  At.  i  pump  bands  better  than  do  the  long 
Stokes  shift  dies  Mixed  die  solutions  were  loimd  to 
ueld  onlv  slight  improvements  even  though  thev  help¬ 
ed  to  fill  in"  blank  absorption  areas 
()ici  UK!",,  improvement  in  efftcienci  was  observed 
using  energi  traiislei  dies  tit  low  pulse  rates  and  oper 
ating  near  the  lasing  threshold  I  his  major  unproi- 
ment  was  observed  onlv  under  eonditnins  lnioliing  a 
low  average  powei  and  was  lost  at  higher  power  load¬ 
ings 
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Appendix  G 

FLUORESCENCE  AND  LASING  CHARACTERISTICS  OF  SOME 
LONG-LIVED  FLASHLAMP-PUMPABLE ,  OXAZOLE  DYES 

Optics  Communications,  Vo I.  48,  No.  5 
(1  January  1984),  pp.  352-356 
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ELUORESCENCE  AND  LASING  C  HARACTERISTKS  OF  SOME  LONG  LIVED 
ELAS.ILAMP  PUMPABLE  OXA/OLE  DYES 


A  V  M  I  I  (  ill  R.  R.A.  HENRI  .  R.l  K I  BIN  and  R  A  HOI. I  INS 

('liernisln  Ihiismn.  \u\al  Weapons  Center  China  Ink*  .  C.  I  V y  vv''  CSA 
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1  he  s'!  li'i  lv  ol  iiyc  si ruct ure.  cover  gas. and  solvent  are  all  shove n  to  he  critical  to  laser  output  and  lilctinie  I  he  N- 
meth)  1  tos)  late  salt  ol  2  -f4-pv  rid y  1  >-5  -|4  -metlm  w  phenyl)  o\a/ole  in  ethanol  under  argon  rs  found  to  be  the  longest  -lived . 
moderate  on. put .  laser  dye  solution  of  any  ih.it  have  been  reported 


I .  Introduction 

Until  the  surely  by  Lee  and  Robh  ( I  | ,  oxa/oles 
liaJ  shown  little  success  as  thshlunip-puinpMc  laser 
dyes.  Molecular  engineering  had  been  performed  on 
oxa/oles  to  make  them  more  absorptive  [3|  and  to 
attach  triplet  -state  quenchers  to  them  ( 3  ,4 1 .  Although 
considerable  impiovemenis  were  observed,  the  Lisina 
outputs  of  the  modified  oxa/oles  were  still  low  com¬ 
pared  to  other  classes  ol  dyes.  Even  with  the  use  ol 
the  very  high  minor  reflectivities  (A’, “0.‘>7)a»d 
the  extremely  rapid  rise -nine  (50  ns)  ol  I  he  llasli  lamp 
used  try  Eurumolo  and  (  eccon  (5 1 .  the  oxa/oles 
showed  high  lasing  thresholds  compaied  to  those  ol 
other  laset  dyes  |(>|.(()l  course,  the  high  nnrrot  re- 
llecttvilies  limit  the  use t u  1  output  of  a  laser  and  the 
short  rise -lime  is  difficult  to  obtain  in  large  tlash- 
lamps.) 

I  ce  and  Robb  showed  that  salts  ol  a  pyndyl  sub¬ 
stituted  phenyloxa/ole  in  water  had  relatively  low 
laser  mil  puts  and  moderate  durations  ol  lasing  with 
tlashlamp  pumping.  Since  they  had  protected  then 
dye  solutions  trout  uv  radiation  only  below  330  inn 
and  used  crude  I  it  el  t  me  measuring  techniques  1 7 1 .  we 
decided  to  test  these  compounds  more  thoroughly 
using  mu  dye  laset  test  facility .  Our  test  setup  uses  a 
Irtaxial  flush  lamp  having  a  300-nni  cutoff  Pyrex  uv 
fillet  to  contain  the  lasing  solution, and  a  wavelength 
and  intensity  corrected  linear  tlashlamp  lor  dye  de¬ 
gradation  |H ) . 

353 


We  made  a  more  thorough  evaluation  of  the  effects 
of  solvent  and  cover  gas  upon  the  lasing  as  well  as  deter¬ 
mined  some  o(  the  fluorescence  characteristics ot  the 
dyes  examined  by  Lee  and  Robb.  We  also  examined 
another  pyndimum  oxazole  as  well  as  a  few  of  the 
dy  es  recommended, but  not  tested,  by  Lee  and  Robb. 
Under  very  specific  experimental  conditions,  one  of 
the  dye  modifications  yields  the  highest  lifetime  with 
moderate  laser  output  of  any  solution  that  we  have 
ever  tested 


2.  Experimental 

I  he  flashlamp  pumped  laser  made  use  ot  a  I’hase- 
R  Dl.-IOY  with  a  Pyrex  lacker  separating  the  dye  and 
the  water  coolant.  The  rise-time  of  this  tlashlamp  was 
300  ns.  The  output  mirror  had  a  nominal  55  f  reflcc- 
tiviiy  at  the  lasing  wavelength.  The  dye  solution  de¬ 
gradation  was  performed  primarily  with  a  Xenon 
Corp.  N-H5  1C  watei -cooled  linear  tlashlamp  at  10  J 
(electrical)  input.  This  system  is  described  in  greater 
detail  elsewhere  |K)  An  Avco-Everett  C400  Ns  laser 
Dial-a-1  me  dye  laser  combination  was  used  to  test 
some  of  the  solutions  for  lasing  [0J.  This  laser  pumps 
at  337.1  nm  with  10  ns  pulses.  Fluorescence  quantum 
yields  were  determined  using  a  Perkin  Timer  MPF- 
44B  with  corrected  spectra.  The  equipment  and  tech¬ 
niques  have  been  previously  described  1 10]  Reagent 
grade  ethanol  from  United  States  Industrial, 

0.030-40 1 8/84/S  03.00©  Elsevier  Science  Publishers  B.V. 

( North-1  lolland  Publishing  Division) 
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"Distilled -m  4  dass"  quality  organic  solvents  from 
Burdick  and  Jackson,  and  deioni/ed.  liltered  watci 
were  used  as  sdvents.  I  he  2-(4-pyridyl  1-5  -phenyloxa- 
/ole  and  its  salts  were  purchased  from  Aldrich 
Chemical  Co.  and  were  used  as  received.  The  remain¬ 
ing  o\a/.ole-type  dyes  were  synthesized  in  this  labora¬ 
tory  using  conventional  techniques.  The  concentra¬ 
tions  of  the  solutions  used  lor  flashlamp  testing  were 
selected  so  as  to  have  an  absorbance  of  4  5  cm  1  in 
the  S|  *-  S,,  absorption  band,  l  or  nitrogen  laser 
pumping,  solutions  were  10  '  \1  up  to  saturation  as 
required  to  have  a  short  depth  of  penetration  by  the 
Ni  pump  beam. 

Fig.  1  shows  the  structure  of  the  pyridyl  substituted 
dyes  tested  along  with  two  comparison  dyes.  AC3F 
and  (  oumarin  314.  A  third  comparison  dye.Couma- 
rin  4H7,  was  obtained  from  the  Phase-R  Corporation. 

I  user  outputs,  <p.  for  a  specific  electrical  input  energy 
to  the  flashlamp, /,  were  computer  fitted  to  the  rela¬ 
tionship  derived  by  Fletcher  and  Knipe  |7|. 

0  =  a  +  bIH  1  +  cT)  .  (It 

where  T is  the  total  input  energy  XL  per  unit  volume. 
The  initial  lasing  slope  efficiency. kn.  is  taken  as  equi¬ 


valent  to  h  while  the  initial  lasing  threshold.  f(l .  is 
taken  as  equivalent  to  ud(l.  The  lifetime  constant  is 
Lein  J  dm  -'.  The  lifetime  constants  should  be  taken 
as  relative  measurements  since  there  has  as  yet  not 
been  any  demonstrated  capability  to  transfer  such 
constants  between  different  laser  configurations  [6.7  ] . 
These  lifetime  constants  are  at  least  an  improvement 
however,  over  the  number  of  Hashes  to  50‘7  of  laser 
output  which  has  been  shown  to  be  dependent  upon 
the  input  energy  and  the  threshold  of  lasing  (6,7|. 

Table  1  shows  the  fluorescence  characteristics  ol 
most  of  the  dyes  examined.  Table  2  shows  conditions 
where  pumping  by  a  short.  10  ns.  20  kW  pulse  from  a 
nitrogen  laser  did  not  cause  lasing.  Table  3  shows  the 
flashlamp-pumped  lasing  data. 

3.  Discussion 

In  table  3.  we  find  that  the  lasing  outputs  of  the 
pyridinium  salts  reported  by  Lee  and  Robb  have  low 
lasing  outputs  under  air  compared  to  coumarin  com¬ 
pounds.  We  also  find,  however,  that  the  laser  output 
can  be  markedly  improved  when  air  is  replaced  by  ar- 


w  // 

H,c-N  cio- 

4PyP0  HCl04 


4PyP0-MePTS  4PyMP0-MePTS 


4PyMPD  4PyMPD  -  MePTS  4PyPD-MePTS 


Ch1-0*®3 


4Py  80 -MePTS 


I  »£.  1  Dye  structures. 


353 


68 


NWC  TP  6538 


Volutin  48.  number  '  OP'I  It'S  COMMl  M(  \  I  IONS  I  January  1484 

I  able  I 

I  luoreseenee  measurements  «>(  some  pwiJs  I  substituted  dyes 


Dye 

.Solvent 

1  mission 

1  luoreseenee 

ijuant  11m 

yteM  urnier 

peak,  nin 

— 

..  . 

argon 

air 

oxygc 

4P>P<>  IK  |04 

cl  J  ^ 

474 

1  00 

I  .00 

0.96 

4P>  PO  ll(  lt)4 

w  ale  r ;l  * 

476 

0.83 

0.83 

0.82 

4l’yPO  MePIS 

ethanol 

482 

0  74 

0.74 

0.75 

4IAPO  MePIS 

ethanol  water 

480 

0.97 

0.97 

0.97 

4  P\  P<  1  MePIS 

water 

480 

0  89 

0  90 

0.86 

4ISMPO  MePIS 

ethanol 

567 

0.76 

0.7.3 

0.65 

4  Py  MIX)  MePIS 

water 

578 

0.35 

0.38 

0.37 

4P>  MPD 

ethanol 

422 

0.79 

4P\  MPI)  IKIO4 

ethanol 

596 

0  057 

4P>  MPD  MePIS 

ethanol 

604 

0.097 

4PyPI)  MePIS 

ethanol 

444 

0.042 

4 Py B( )  MePIS 

ethanol 

456 

0.040 

IPyHO  MePIS 

ethanol 

466 

■"  Hi  M  in  IK  l<)4  >’>511  5(1  by  volume.  *•'»  5  x  10  -'  M  in  IK  l()4 


goo  as  the  cover  gas.  This  improvement  is  not  reflect  - 
ed  111  the  fluorescence  quantum  yields  of  table  I .  In 
contrast  to  the  cnumarin  laser  dyes  [8.1 1 . 1 2 1 .  the 
oxazole  dyes  tested  here  show  only  slight  quenching 
of  their  fluorescence  by  oxygen. 

The  salts  of  pyridyl  substituted  oxadiazole  and 
henzoxazole  dyes  recommended  by  Lee  and  Robb 
did  not  show  lasing  action  even  when  nitrogen  laser 
pumped  in  a  variety  of  solvents  (table  2).  Krasovitskii 
et  al.,  note  that  oxadiazole  derivatives  have  lower 
fluorescence  quantum  yields  than  do  the  oxazoles 
[13].  Low  fluorescence  quantum  yields  { in  ethanol, 
table  1 )  of  both  the  pyridyl  substituted  oxadiazolcs 

table  2 

Dye  solutions  that  did  not  lase  (2U  kW  peuk.Nj  laser  pumped). 

Dye  Solvent 

4PyPD  MX  water  al-b* 

4PyMPD  ethanol,  benzene 

4PyMPD  IICIO4  ethanol3*.  water3* 

4PyMPD  MePTS  water 

4PyPI)  MePI  S  ethanol  cl,  water  d.  DMI,  acetonitrile 

4PyBO  MePI  S  ethanol  c>.  water  c*.  DMI  .  acetonitrile 

IPyltO  MePIS  ethanol,  water 

3»  10  2  M  HCIO4.  bl!0  '24/Ha. 

s  i  Also  did  not  lase  when  flashlamp  pumped  with  the  DL.-10Y 
triaxial  system. 
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and  benzoxazolcs  salts  are  a  likely  reason  for  their 
not  lasing.  However,  since  4PyMPO  has  a  fluorescence 
quantum  yield  of  0.79  (table  I )  in  ethanol,  a  low  yield 
cannot  be  the  cause  of  its  failure  to  lase. 

The  use  of  ethanol:  water,  50:50  by  volume,  can 
cause  a  marked  improvement  over  the  results  of  etha¬ 
nol  as  reported  by  Fletcher  et  al.  [  1  2 1 .  A  marked  im¬ 
provement  in  output  and  lifetime  was  found  for 
41’yPO  MePTS  in  ethanoLwater  under  argon.  In  con¬ 
trast.  AC3F  showed  an  improvement  under  air  but  a 
marked  decrease  under  argon  by  this  change  to  a  mix¬ 
ed  solvent.  Using  methanol  gave  even  different  results 
from  that  of  ethanoLwater.  Although  these  more 
polar  solvents  red-shift  the  output  of  coumarin  dyes 
from  results  found  in  ethanol,  little  change  111  wave¬ 
lengths  was  noted  for  the  pyridinium  oxazole  dyes 
because  of  changing  solvents. 

The  dye  modification  showing  the  greatest  im¬ 
provement  in  this  study  was  the  attachment  of  a 
methoxy  to  the  phenyl  group  of  4PyP()  to  form 
4PyMPO  (fig.  I ).  This  group  causes  a  very  marked 
red -shift  in  fluorescence  and  lasing  wavelengths.  This 
modification  was  made  by  Lee  and  Robb  but  their  re¬ 
sults  were  not  reported  in  [I  |.  Lee  and  Robb  were 
looking  for  good  water  soluble  dyes.  It  is  surprising 
that  4PyMPO-MePTS  can  be  made  to  lase  at  all  in 
water  since  it  has  a  fluorescence  quantum  yield  of 
only  0.38.  However,  even  though  its  fluorescence 
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laid,  3 

I .  i  si  n  i'  ,  hara,  Inhiionl  [>>  ridy  I  Mibstilulcd  i>\a/olo  vallv  and  comparison  dyes  ai  -2  *  111'4  molar 


l>U- 

lii-Menalii'ii 

4 Py  PC )  1IC  1C  >4 

4 P>  PC )  HC  K>4 

Solvent 

ethanol 
water  a  * 

l  over  :as 

air.  argon 

air 

l  jMng 

Slope  efficiency . 

*0  >  l»J 

dul  nol  law 

0.38 

I  hri-sliold . 

Co  -  ■' 

4  3.0 

Lifetime 

constant 

1  i-.  MJdnr-' 

n  .d .  b  1 

Wavelength, 
n  m 

494  5 1  1 

4Py  PC  1  lIClOj 

water a* 

argon 

0.57 

40  7 

320 .0 

494 

512 

4 P>  PC )  MePTS 

ethanol 

air 

0  47 

410 

n  ,d .  b  1 

492 

507 

4  Pv  PC  1  MePIS 

etha nol 

argon 

0.56 

314 

35.0 

493 

508 

4Py  PC)  MePIS 

water 

air 

0  51 

35.8 

107.0 

494 

512 

4 Py PC )  MePIS 

water 

argon 

0.67 

34.2 

157.0 

494 

512 

4 Py PC )  MePTS 

ethanol  water 

air 

0.59 

35 .5 

1  12.0 

496 

507 

4 Py  PC )  MePIS 

ethanol  water 

argon 

0.74 

34.8 

690.0 

495 

511 

4Py  MPO  MePIS 

ethanol 

air 

n  .d .  b  1 

'50  0 

n.d  b) 

n.d. 

bl 

4PvMPC)  MePIS 

ethanol  4 

argon 

1  6 

21 .0 

2000 .0 

560 

583 

4PyMPC  >  MePTS 

ethanol 

argon 

1 .5 

22.0 

•10000.0 

567 

587 

4 Py M PC )  MePIS 

2-propanol 

air 

n  d  b  1 

'45.0 

n  .d  bl 

n.d. 

b) 

4  Py  M  PC)  MePIS 

2 -propanol 

a  rgon 

1  4 

16  9 

16.0 

559 

582 

4Py M PC)  MePIS 

methanol 

argon 

1  0 

25.6 

'•10000 .0 

57 1 

588 

4PyMPC>  MePIS 

water 

argon 

0.45 

41  0 

n  d  bl 

571 

591 

Coum  .>14 

ethanol 

air 

1 .9 

19  8 

2.8 

492 

504 

C  mill)  414 

ethanol 

argon 

’  1 

17  3 

1  6 

492 

507 

Coum  314 

methanol 

air 

1  .9 

19  3 

4.0 

496 

508 

Coum 487 

ethanol 

air 

2.5 

25.3 

3.3 

474 

498 

C  oum  487 

ethanol 

argon 

2.0 

23.8 

6.3 

474 

498 

Coum  487 

ethanol:  water 

air 

2.4 

24.8 

6.3 

487 

507 

C  oum  487 

ethanol  water 

argon 

T  > 

24  1 

10.0 

487 

507 

C  oum  487 

met  hanol 

air 

4.1 

21 .1 

2.4 

481 

50  3 

C  oum  487 

methanol 

argon 

3.8 

20.4 

7.1 

481 

503 

AC  31 

ethanol 

air 

1  5 

28.0 

41 .0 

480 

497 

\C  31 

ethanol 

argon 

1 .4 

27.3 

229.0 

480 

497 

AC  31 

ethanol  rwater 

air 

1.7 

27.1 

313.0 

490 

514 

AC  31 

ethanoLwater 

argon 

2.0 

22.7 

0.6 

490 

514 

AC  31 

methanol 

air 

1 .2 

30.1 

80.0 

482 

509 

AC  31 

methanol 

argon 

1.2 

28.3 

1 1  3.0 

484 

512 

J  1  1 0  2  molar  in  IK  K) 

4.  b)  Not  determined.  c* 

Dye  at 

1  x  I0~4  molar 

quantum  yield  in  ethanol  is  less  than  that  observed  though  oxygen  shows  little  effect  upon  the  fluores- 

lor  4PyPO-HCI()4  and  is  of  the  same  magnitude  as  cence  (table  I ).  Thus,  attempts  to  lase  this  dye  in 

4PyPO-MePTS.  its  lasing  output  is  much  better  than  water  or  ethanol  under  air  using  flashlamp  pumping 

these  dyes  in  ethanol  under  argon  (particularly  better  would  suggest  a  very  poor  dye.  However,  when  dis- 

than  4PyP0-HCI04  as  we  could  not  get  this  material  solved  in  ethanol  under  argon.  4PyMPO-MePTS,  is 

to  lase  flashlamp-pumped  starting  with  either  4PyPO  the  longest -lived,  moderate-output  dye  that  we  have 

or  4PyPO  CHI  from  Aldrich).  (We  used  HC104  tested.  Only  at  10  4  molar  did  we  measure  a  lifetime 

rather  than  HC1  because  of  the  corrosive  nature  of  the  for  it  in  ethanol.  Going  to  2X10  *  M  and  using  600 

latter  acid).  ml  of  solution,  the  lasing  output  was  slightly  increas- 

The  results  of  attempts  to  lase  4PyMPO  MePTS  ing  after  50  hours  of  testing  a  continuous  electrical 

under  air  in  ethanol  show  a  very  high  threshold  even  input  of  250  W.  A  similar  high  lifetime  was  observed 
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using  methanol  under  argon  hut  with  reduced  laser 
output.  In  2 -propanol,  however,  the  lifetime  of 
4P>  MPO  VtePTS  was  only  moderatly  good.  Again, 
oxygen  caused  a  marked  quenching  ol  the  lasing  out¬ 
put  tn  both  of  these  last  two  solvents. 

4.  Blue-green  dye  solution  comparison 

For  the  optimum  safety  from  fires.  4PyP0  MePTS 
in  water  under  argon  would  he  the  best  dye  solution 
of  those  examined  here.  For  optimum  output  where 
lifetime  was  not  critical.  Coumarin  487  in  methanol 
would  he  preferred  at  wavelengths  to  the  blue  side  ol 
500  nm  and  Coumarin  3  i4  would  be  preferred  to  the 
red  side.  However,  if  both  output  and  long  lifetime 
are  of  importance,  AC3F  would  be  the  preferred  dye. 

5.  Conclusions 

The  ability  to  predict  the  lasing  characteristics  re¬ 
sulting  from  molecular  engineering  of  dye  molecules 
is  quite  limited .  Experimental  parameters  such  as  the 
choice  of  the  solvent  and  its  cover  gas  can  markedly 
affect  the  results.  The  oxazoles.  in  particular,  appear 
to  be  quite  sensitive  to  such  changes. 
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1  White  Sami*'  Missile  Range  (STEWS-HP.  J.  llogei 

1  Air  Foret*  Ceophysies  Laboratory.  Hanseom  Air  Force  Base  (LKD,  Or.  E.  Oood) 

1  Air  Forer  Institute  n|  Technology  Wright -Patterson  Air  Force  Base  (K.  A.  Dorkol 

1  Air  Force  Office  of  Scientific  Kesearch.  Bolling  Air  Force  Bast*  (Electronic  & 

Material  Sciences  Directorate.  Bldg.  410.  (L  Witt  I 

2  Air  Force  Weapons  Laboratory.  Kirtland  Air  Force  Base 

AFWL  ALO 

Dr.  B.  f  logge  \  1 ) 

(L  J.  Thompson  ( 1) 

2  Air  Force  Wright  Aeronautieal  Laboratories,  Wright -Patterson  Air  Force  Base 
AFWAL  AALO.  Dr.  W.  K  SchculieL  Area  B.  Bldg.  22B  (1) 

AFWAL  MLPO.  (L  < irifiith  (1) 

2  Los  Angeles  Air  Force  Station.  El  Segundo  (Space  Division) 

W.  Jl.  Putman  (1) 

LCOL  Simondi  ( 1 ) 

1  Home  Air  Development  Center.  Criffiss  Air  Force  Bast*  (OCSP,  Dr.  D.  W.  Hanson) 

2  Borne  Air  Development  Center.  Hanscom  Air  Force  Bast* 

RADC-ESO.  Dr.  J  I.iidman  (1) 

RADC  ETSP.  J.  Kt*nnt*d>  (1) 

2  Wright'Pattersoii  Air  Force  Base 
AAAI- 1 

H.  Feldman  (1) 

A.  Johnson  (1) 

1  Deput\  Under  Secretary  of  Defense.  Research  and  Development  (D.  Hamilton) 

2  Advanced  Research  Projects  Agency.  Maui  Optical  Station,  Pminenc.  Maui 

MAJ  B.  Fisher  (1) 

Dr  P.  D.  McCormick  (1) 

(i  Defense  Advanced  Research  Projects  Agency.  Arlington 
DARPA/DEO 

LCOL  R  P.  Benedict.  Jr.  (J) 

Dr.  J.  A.  Mangano  (1) 

Dr.  L.  Marcpiet  (1) 

DARPASTO 

Dr.  A.  Brandcnstcin  (l) 

DR  T.  Tether  (I) 
l.CDR  W.  E.  Wright  (1) 

1  Central  Intelligence  Agency.  Springfield.  VA  (C.  Carlson) 

2  Defense  Technical  Information  Center 

1  AVCO  Everett  Research  Laboratory,  Inc..  Puunenc.  Hi  (J.  P.  Albetski) 

4  AVCO  Research  l.aboratory,  Everett.  MA 

Dr.  J.  Honeys  (1) 

Dr.  J  D  Daugherty  (1) 

CL  kachcti  (1) 

Dr.  D.  Trainor  (1) 

2  Adaptive  Optics  Assoeiates,  Cambridge.  MA 

Dr.  J.  Feinleib  (!) 

Dr.  L.  Schmitt/.  (1) 

2  Aerodyne  Researeh,  Ine.,  Bedford,  MA 
Vf .  H.  Cumae  ( 1) 

H.  J.  Caulfield  (1) 

1  Aerospace  Optical  Division.  Ft.  Wayne,  IN  (EfN*rhard(t 
1  Allietl  Corp..  Westlake  V'  ill  age.  CA  (E.  Budgor) 

1  April  Engineering  Corp..  Mystic.  CT  (Dr.  E.  April) 

2  Automation  Industries.  Inc.,  Silver  Spring.  MD 

Vitro  Laboratory  Division 
CL  Carlson  (I) 

Clark  (I) 
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1  Battelle  Memorial  Institute,  Columbus,  OH  (R.  E.  Sehwerzel) 

2  Bell  Telephone  Laboratories.  Murray  Hill,  NJ 

Dr.  M.  MclliarSmith  (1) 

K.  M  Poole  (1) 

2  Rooz-Allen  &  Hamilton.  Inc..  Bethesda,  MD 
Dr.  A.  Durling  (l) 

J  East  (1) 

1  Boston  University,  Boston,  MA  (G.  Jones) 

1  CVD.  Woburn.  M A  <R.  Taylor) 

1  Candela  Corporation,  Natick,  MA 
1  Directed  Technologies,  McLean,  VA  (T.  Baum) 

1  Eastman  Kodak  Co..  Los  Angeles,  CA  (R.  U.  Roberts) 

1  Eastman  Kodak  Co..  Rochester,  NY  (KAD-L.  Y'aughn) 

1  Kxciton  Chemical  Company,  Dayton,  OH 
1  Flight  Systems.  Inc..  Newport  Beach,  CA  (R.  Seely) 

1  Ford  Aerospace  fit  Communications  Corporation,  Palo  Alto,  CA  (F.  Chethik) 

1  GTE  Products  Corporation,  Mountain  View.  CA  (R.  Reynolds) 

2  General  Electric  Company,  Binghamton,  NY 

Dr.  L.  Allen  (I) 

Dr.  G.  J  Burnham  (1) 

4  General  Electric  Company.  Philadelphia.  PA 
Space  Division 
D.  Cethbert  (1) 

R.  Greco  (1) 

R.  Hamsey  (1) 

B.  N.  Ordonio  (I) 

1  General  Electric  Company,  San  Diego,  CA  (R.  C.  Schimmel) 

1  General  Research  Corporation,  McLean,  VA  (L.  Wolfe) 

3  Helionetics  Laser  Division,  San  Diego,  CA 

N.  Keller  (1) 

Dr.  J.  Levatter  (1) 

Dr.  CL  Sutton  (1) 

4  Hughes  Aircraft  Company,  El  Segundo,  CA 

MS  E10/H114,  R.  Hill  (1) 

Dr.  H.  Brew  (1) 

Dr.  M.  Mann  (1) 

N.  H.  Prechel  (1) 

1  Hughes  Aircraft  Company,  Hughes  Research  Laboratory,  Malibu,  CA  (Dr.  R.  Abrams) 
1  IRT  Corporation,  San  Diego,  CA  (Dr.  W.  R.  Stone) 

3  ITEK  Corporation,  Lexington,  MA  (Dr.  L.  Solomon) 

A.  MacGovern  (1) 

Dr.  L.  Solomon  (1) 

Dr.  J.  R.  Vice  (1) 

1  Johns  Hopkins  University,  Applied  Physics  Laboratory,  Laurel,  MD  (H.  Heaton) 

7  Lincoln  Laboratory,  MIT,  Lexington,  MA 
Dr.  D.  Greenwood  (I) 

Dr.  P.  Moulton  (I) 

Dr.  C.  Prim  merman  (I) 

Dr.  R.  Rediker  (1) 

Dr.  A.  Rubio-Sanehez  (1) 

Dr.  R.  Sasiela  (1) 

Dr.  S.  Shev  (1) 

13  Lockheed  Missiles  &  Space  Company,  Sunnyvale,  CA 
Department  61*83 
M.  Bartosewcy  (1) 

R.  Benson  (I) 

D.  Feak  (1) 

H.  Hoffman  (1) 

R.  Lytel  (I) 

J.  Machnick  (1) 
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M  \f ul i n  ill 

H.  Morstes  ill 

B.  W  Marsh  ill 
I)r.  Cl,  Button  t  1 1 
S.  Soluh  ill 
R.  Watsi >n  ill 

D.  Vaciim  ill 

3  Lockheed  Palo  Alto  Research  Laboratory.  Palo  Alto.  CA 

Dr.  T.  Karr  ill 

Dr.  W.  J.  RostiiIktu  <  1 ) 

Dr.  A.  Title  (1) 

4  l -o’*  Alamos  National  Laboratory.  Los  Alamos.  NM 

K.  Jansen  ill 
M  I’iltch  (1) 

(!  Talltnan  ill 

B.  A  Tennant  (I) 

1  Mar.  Inc..  Rockville.  Ml)  (H.  Wunderlich) 

1  Martin  Mari<*fta  Aerospace.  Orlando,  FL  (MP-1H4,  D.  J.  Collins) 

I  Martin  Marietta  Aerospace.  Western  Regional  Office,  El  Segundo.  CA  (D.  G.  Somers) 

1  Martin  Marietta  ( .'or; Miration.  Denver.  CO  (MSC-1120,  W.  Broun) 

3  Mathematical  Sciences  Northwest.  Inc..  Bellevue,  WA 

Dr.  R.  Center  ill 
Dr.  J  J.  Lunin  ill 
Dr.  (.  Fischer  ll) 

2  Maxwell  Laboratories.  Inc..  San  Diego,  CA 

I  Fciock  ill 
Dr.  A  Kolb  {)) 

1  McDonnell  Douglas  Astronautics.  El  Segundo.  CA  (R.  L.  Huss) 

3  McDonnell  Douglas  Corporation.  St.  Louis,  MO 

L.  Jackson  ill 
E  Patton  ill 

H  C  Vetter  ill 

b  Northrop  Rc-search  ami  Technology  Center.  Palos  Verdes  Peninsula.  CA 
MS  322  I.  I)  Marelli  (l) 

Dr.  M.  L.  Bhamnik  ill 
N .  Long  1 1 ) 

M  Plummer  (1) 

VV.  M.  Thomas  (I) 

Dr.  E.  Stapperts  ( 1 ) 

2  ORI.  Inc..  Silver  Spring.  MD 

C.  Meyer  ill 
Dr.  J.  Tuttle  (ll 

1  Optical  Coating  Laboratory.  Inc..  Santa  Rosa.  CA  (MS  322-1,  D.  Morelli) 

1  Pacific-Sierra  Research.  Santa  Monica.  CA  (Dr.  A.  R.  Shapiro) 

1  Phasc-R  Company.  New  Durham.  NH  (S.  K.  Neister) 

1  RCA,  Government  Systems  Division,  Camden,  NJ  (Dr.  L.  Braverman) 
l  BCA  Laboratories,  Princeton,  NJ  (Dr.  M.  Ettenberg) 

4  R&D  Associates,  A 1  hue  pie  re  jue,  NM 

II.  Behl  (J) 

Dr.  K.  Branschweig  (1) 

J  E.  Colbert  (1) 

E  White  (1) 

1  Riverside  Research  Institute.  Arlington,  VA  (Suite  714.  B.  Passiit) 

2  Riverside  Research  Institute.  New  York,  NY 

Dr.  M.  Elhaum  (1) 

J.  MacEachim  (I) 

1  Rockwell  International  Corporation,  Arlington,  VA  (C.  Krause1) 

2  Rockwell  International  Corjxiration.  Electronic  Systems  Group.  Anaheim.  CA 

Dr.  R.  Ilorsoh  (1) 

IT  llovda  (I) 
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4  Rockwell  International  Corporation,  Canoga  Park,  CA 

Rocket  dyne  Division 
J.  Attinello  (1) 

Dr.  R.  Field  (1) 

R.  Johnston  (1) 

R.  Siegler  (1) 

1  Rockwell  International  Corporation,  Downey,  CA  (J.  Murphy) 

1  Rockwell  International  Corporation,  Newport  Beach,  CA  (W.  Paradise) 

1  Rockwell  International  Science  Center,  Thousand  Oaks,  CA  (Dr.  W.  Gunning) 

2  SRI  International,  Menlo  Park,  CA 

PS-001,  Dr.  D.  Huestis  (1) 

Dr.  R.  Honey  (1) 

1  Sanders  Associates,  Nashua,  NH  (MS  MER12-1U5,  C.  Tamajczyk) 

1  Sandia  National  Laboratories,  Albuquerque,  NM  (Dr.  R.  C.  Bradley) 

2  Science  Applications,  Inc.,  McLean,  VA 

Dr.  R.  Alley  (1) 

Dr.  W.  Koeohner  (1) 

2  Spectra  Diode  Laboratories,  Inc.,  San  Joae,  CA 
Dr.  R.  Jacobs  (1) 

Dr.  D.  Setfes  (1) 

1  Stanford  University,  Applied  Physics  Department,  Stanford,  CA  (Dr.  R.  Byer) 

1  State  University  of  New  York  at  Buffalo,  Amherst,  NY  (Dr.  J.  Serjeant) 

1  Sundstrand  Corporation,  Rockford,  IL  (T.  J.  Bland) 

2  TRW,  Inc.,  Redondo  Beach,  CA 

J.  Johnston  (1) 

H.  Kotetsky  (1) 

5  The  Aerospace  Corporation,  Los  Angeles,  CA 

Dr.  M.  Birnbaum  (1) 

Dr.  Diamond  (1) 

G.  Harward  (1) 

M.  Rosen  (1) 

Dr.  H.  T.  Yura  (1) 

2  The  Boeing  Aerospace  Co.,  Space  and  Information  Systems,  Seattle,  WA 
MS  8H-29 

V.  Dragoo  (1) 

Dr.  J.  D.  McClure  (1) 

1  The  Charles  Stark  Draper  Laboratory,  Cambridge,  MA  (MS  63,  C.  P.  Gilmore) 

2  The  Optical  Sciences  Company,  Placentia,  CA 

Dr.  J.  Bebcher  (1) 

Dr.  D.  L.  Fried  (1) 

7  Titan  Systems,  Inc.,  La  Jolla,  CA 
M.  Doerr  (1) 

M.  Dowe  (1) 

Dr.  R.  Ciannaris  (1) 

Dr.  G.  Lee  (1) 

R.  LintaU  (1) 

J.  Margiewicz  (1) 

J.  PusacheU  (1) 

4  Univanity  of  California,  Lawrence  Livermore  National  Laboratory,  Livermore,  CA 
L-372,  Dr.  L.  Wood  (1) 

P.  Hammond  (1) 

Dr.  W.  Krupfca  (1) 

Dr.  W.  Sony  (1) 

Dr.  M.  Spaeth  (1) 

1  University  of  California,  San  Diego,  CA  (S.  C.  Lin) 

4  Uatverrity  of  California,  San  Diego,  Scripps  Institution  of  Oceanography.  La  Jolla,  CA 
R.  W.  Austin  (I) 

C.  D.  Edwards  (1) 

B.  Mcdeamry  (I) 

J.  W.  Nekoa  (1) 


1  Uni  vanity  of  South  Florida,  Tampa,  FL  (Dr.  N.  DJew) 

3  University  of  Texas,  Austin,  TX 
Applied  Research  Laboratory 
Dr.  J.  Clynch  (1) 

C.  Ellis  (1) 

Dr.  L.  Hampton  (1) 

1  W.  j.  Schafer  Associates,  Inc.,  Arlington,  VA  (Dr.  T.  Norwood,  Suite  800) 

2  Western  Research  Corporation,  San  Diego,  CA 

J.  Hammond  (1) 

R.  Hunter,  Jr.  (1) 

2  Westinghouse  Electric  Corporation,  Baltimore,  MD 
Aerospace  Division 

MS  23S,  R.  W.  Eby  (1) 

J.  P.  Leatberbury  (1) 

2  Westinghouse  Research  Laboratories,  Pittsburgh,  PA 
Dr.  I.  Liberman  (1) 

Dr.  C.  D.  Liu  (1) 

1  XMR,  Inc.,  Santa  Clara,  CA  (Dr.  S.  Hutchison) 

1  Xerox  Corporation,  Palo  Aho,  CA  (Dr.  W.  Streifer) 


4  Rockwell  International  Corporation,  Canoga  Park.  CA 

Rocketdvne  Division 
J.  Attinello  (1) 

Dr.  R.  Field  (1) 

R.  Johnston  (1) 

R.  Siegler  (1) 

1  Rockwell  International  Corporation,  Downey,  CA  (J.  Murphy) 

1  Rockwell  International  Corporation,  Newport  Beach,  CA  (W.  Paradise) 

1  Rockwell  International  Science  Center,  Thousand  Oaks,  CA  (Dr.  W.  Gunning) 

2  SRI  International,  Menlo  Park,  CA 

PS-091,  Dr.  D.  Huestis  (1) 

Dr.  R.  Honey  (1) 

1  Sanders  .Associates.  Nashua.  NH  (MS  MER12-1115,  C.  Tamajczykl 

1  Sandia  National  Laboratories.  Albuquerque,  NM  (Dr.  R.  G.  Bradley) 

2  Science  Applications,  Inc..  McLean,  VA 

Dr.  R.  Airey  (1) 

Dr.  W.  Koechner  (1) 

2  Spectra  Diode  Laboratories.  Inc..  San  Jose.  CA 
Dr.  R.  Jacobs  (1) 

Dr.  D.  Seifes  (1) 

1  Stanford  University,  Applied  Physics  Department,  Stanford,  CA  (Dr.  R.  Byer) 

1  State  University  of  New  York  at  Buffalo.  Amherst,  NY  (Dr.  J.  Sarjeant) 

1  Sundstrand  Corporation,  Rockford.  IL  (T.  J.  Bland) 

2  TRW,  Inc.,  Redondo  Beach.  CA 

J.  Johnston  (1) 

H.  Koletsky  (1) 

5  The  Aerospace  Corporation,  Los  Angeles,  CA 

Dr.  M.  Birnbaum  (1) 

Dr.  Diamond  (1) 

G.  Harward  (1) 

M.  Rosen  (1) 

Dr.  H.  T.  Yura  (1) 

2  The  Boeing  Aerospace  Co.,  Space  and  Information  Svstems.  Seattle,  WA 
MS  8H-29 

V.  Dragoo  (I) 

Dr.  J.  D.  McClure  (1) 

1  The  Charles  Stark  Draper  Laboratory.  Cambridge,  MA  (MS  63.  G.  P.  Cilmorel 

2  The  Optical  Sciences  Company,  Placentia,  CA 

Dr.  J  Belscher  (1) 

Dr.  D.  L.  Fried  (1) 

7  Titan  Systems,  Inc..  La  Jolla.  C.A 
M.  Doerr  (1) 

M.  Dowe  (1) 

Dr.  R.  Giannaris  (1) 

Dr.  G.  Lee  (1) 

R.  Lintell  (1) 

J.  Margiewicz  fll 
J.  Pusechell  (I) 

4  University  of  California.  Lawrence  Livermore  National  Laboratory,  Livermore.  C.A 
L-372.  Dr.  L.  Wood  (1) 

P.  Hammond  (1) 

Dr.  W.  Krupke  (1) 

Dr.  W.  Sooy  (1) 

Dr.  M.  Spaeth  (1) 

1  University  of  California,  San  Diego,  CA  (S.  C.  Lin) 

4  University  of  California,  San  Diego.  Scripps  Institution  of  Oceanography.  La  Jolla.  CA 
R.  W.  Austin  (1) 

G.  D.  Edwards  (1) 

B.  McGlamerv  (1) 

J.  W.  Nolton  (1) 


1  University  of  South  Florid*.  Tamp*.  FL  (Dr.  N.  Djew) 

3  University  of  Ten  as,  Austin.  TX  <• 

Applied  Research  Laboratory' 

Dr.  J.  Clynch  (1) 

G.  Ellis  (1)  , 

Dr.  L.  Hampton  (1) 

1  W.  ].  Schafer  Associates.  Inc.,  Arlington,  VA  (Dr.  T.  Norwood,  Suite  800) 

2  Western  Research  Corporation,  San  Diego,  CA 

J  Hammond  (1) 

R.  Hunter,  Jr  (1) 

2  Westinghouse  Electric  Corporation,  Baltimore.  MD 
Aerospace  Division 

MS  235,  R  W.  Eby  (1) 

J.  P.  Leatherbury  ( 1 ) 

2  Westinghouse  Research  Laboratories,  Pittsburgh,  PA 
Dr.  I.  Liberman  (I) 

Dr.  C.  D.  Liu  (1) 

1  XMR.  Inc.,  Santa  Clara,  CA  (Dr.  S.  Hutchison) 

1  Xerox  Corporation,  Palo  Alto,  CA  (Dr.  W.  Streifer) 


